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AB ST RAC T 
T h i s  program was aimed a t  develop ing improved w i r e - r e i n f o r c e d  
z i r c o n i a  n o z z l e  i n s e r t s  f o r  an N20, + 50% N2H4/50%UDMH l i q u i d  p r o p e l l a n t  
r o c k e t  a p p l i c a t i o n .  The program s t u d i e d  z i r c o n i a  m a t r i x  m a t e r i a l s ,  
r e f r a c t o r y  meta l  r e i n f o r c i n g  w i r e s ,  and t h e  v a r i a b l e s  assoc ia ted  w i t h  
c o n s o l i d a t i n g  these c o n s t i t u e n t s  i n t o  a composite. Thermal shock t e s t s ,  
o t h e r  thermal and mechanical t e s t s ,  and rocket  exhaust o x i d a t i o n  s t u d i e s  
i d e n t i f i e d  an o p t i m i z e d  composi te m a t e r i a l  f o r  f a b r i c a t i o n  o f  3 - inch  
t h r o a t  d iameter  i n s e r t s .  These i n s e r t s  were eva lua ted  i n  a r o c k e t  engine 
by a t e s t  f i r i n q  sequence t o t a l l i n g  700 seconds exposure and i n e l u d i n g  
Several  r e s t a r t s .  They performed s u c c e s s f u l l v  w i t h  no t h r o a t  e ros ion  
and w i t h o u t  thermal shock f a i  l u r e .  
i 
FOREWORD 
T h i s  program t o  develop improved r e i n f o r c e d  o x i d e  rocket  nozz le  
t h r o a t s  was c a r r i e d  o u t  d u r i n g  t h e  p e r i o d  J u l y  1967 t o  December 
1968, 
Equipment L a b o r a t o r i e s  D i v i s i o n  o f  TRW. I n  a d d i t i o n  t o  t h e  personnel  
assoc ia ted  w i t h  t h i s  l a b o r a t o r y ,  severa l  o t h e r  persons and o r g a n i z a t i o n s  
made major  c o n t r i b u t i o n s  t o  t h i s  program. These i n c l u d e :  
under Cont rac t  NAS 3-11177 by t h e  M a t e r i a l s  Labora tory  o f  t h e  
M r .  A. G. King o f  t h e  Z i rcon ium Corpora t ion  o f  America ( Z i r c o a )  
who d i r e c t e d  t h e  development o f  s p e c i a l i z e d  z i rcon ium composi t ions 
and helped i n t e r p r e t  t h e  assoc ia ted  t e s t  r e s u l t s ,  
M r .  J .  R. Bohn and M r .  C .  R. E r n s t  o f  TRW Systems who performed 
t h e  electron-beam thermal shock t e s t s  on these m a t e r i a l s ,  
M r .  W. F. C a r t w r i g h t  o f  TRW Systems who d i r e c t e d  t h e  r o c k e t  
engine exhaust o x i d a t i o n  t e s t s  performed a t  t h e  TRW Cap is t rano 
Tes t  S i t e ,  and 
M r .  J .  M. Winter  o f  NASA-Lewis who oversaw t h e  r o c k e t  engine 
t e s t  f i r i n g  e v a l u a t i o n  o f  t h e  nozz les produced i n  t h i s  program. 
The c o n t r i b u t i o n s  t o  t h e  program t h a t  were made by these 
persons and by severa l  o t h e r s  n o t  s p e c i f i c a l l y  mentioned a r e  hereby 
g r a t e f u l l y  acknowledged. 
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SUMMARY 
A program was carried out with the purpose of deve oping an 
improved wire-reinforced zirconia throat insert for use in a rocket engine 
operating wi tli the .N204 f 50% N~HL,/~O%UDMH 1 {quid propel lant system, 
T h i s  work was motivated by a prior NASA sponsored program of a screening 
nature which showed the reinforced oxide approach to be effective 
in withstanding the combined severe oxidation and thermal shock effects 
of this environment. 
the use of a zirconia matrix material reinforced by randomly dispersed 
chopped wire of a suitable refractory metal. A five-task program 
was pursued in this study which culminated in the test firing of nozzles 
of the best composite developed in this program. 
The scope of the present program was limited to 
Task 1 consisted o f  a study of  various matrix materials, 
reinforcing wires, and consolidation procedures for forming the best 
composites from these constituents. A total of fortystwo'zirconla-matrix 
materials wefie evaluated; these consisted of commercially available 
materials and of special partially-stabilized zirconia compositions 
prepared by Zirconium Corporation of America (Zircoa) and by TRW. In 
general, zirconia partially stabilized to the cubic phase by about 
3% MgO proved most successful in this program. A total of eighteen 
refractory metal wire alloys were evaluated by their retention of 
strength and ductility after a 40OO0F exposure in vacuum, which is 
typical of composite sintering conditions. A W-3% Re doped lamp- 
wire alloy proved best for use in further studies. By a study o f  
wire diameters and contents, composites containing from 5 to 10 volume 
percent of wire in the 2 - 3.5 mil diameter range with a length/diameter 
(aspect) ratio of about 60 proved to produce the best composites. 
isopress-and-vacuum-sinter ing fabrication approach was determined to be 
more applicable to these composites than a hot-press procedure. 
An 
Task 2 Consisted o f  three types o f  thermal shock tests 
For 
used to identlfy the best composite. For initial matrix material 
evaluation, a quench test of a disc-type specimen was used. 
a more severe test for evaluating composites, a plasma-jet test of 
a hollow thick-walled cylinder was used. Based largely on this test, 
the following three composites were chosen for continued evaluation 
In the program: 
Type A - A matrix of Zircoa's type F410 zirconia 
with 5 V/O of 3.5 mil diameter x 3/16" 
3% Re wire. 
Type B - A 2.85% MgO-stabilized medium-texture z 
matrix reinforced with 5 v/o of 3.5 mil 
x 3/16" long W-3% Re wire. 
rei nforced 
ong W- 
rcon I a 
diameter 
Type C - A 2.85% MgO-stabilized fine-texture zirconia matrix 
reinforced with 7 v/o of 2-mi1 diameter x 1/8" long 
W-3% Re wire. 
1 
A d d i t l o n a l  thermal shock t e s t s  were then performed on h o l l o w  c y l i n d r i c a l  
specimens o f  these composites u s i n g  t h e  TRW Systems' e l e c t r o n  beam 
h e a t i n g  techn ique t o  o b t a i n  a more q u a n t i t a t i v e  e v a l u a t i o n  o f  thermal 
shock behavior .  These t e s t s  g e n e r a l l y  i n d i c a t e d  t h a t  t h e  Type C m a t e r i a l  
was s u p e r i o r  t o  t h e  o t h e r s  i n  thermal shock r e s i s t a n c e .  
Task 3 c o n s i s t e d  o f  t e s t s  t o  determine those thermal and mechanical 
p r o p e r t i e s  deemed most r e l e v a n t  t o  r o c k e t  nozz le  i n s e r t  a p p l i c a t i o n .  
The Types A, B, and C composites were t e s t e d  f o r  t e n s i l e  s t r e n g t h ,  compressive 
s t r e n g t h ,  e l a s t i c  modulus, thermal c o n d u c t i v i t y  and thermal expansion, 
a l l  as a f u n c t i o n  o f  temperature up t o  4000°F o r  as h i g h  as exper imenta l  
techniques would a l l o w .  Wi re-mat r ix  bond s t rength ' tes tsc-were  a l s o  per-  
formed e a r l y  i n  t h e  program as p a r t  o f  t h i s  task  so t h a t  a d e t e r m i n a t i o n  
o f  t h e  optimum w i r e  aspect  r a t i o  cou ld  be made. As a r e s u l t  o f  these 
t e s t s ,  a w i r e  aspect r a t i o  o f  about 60 was used throughout  t h e  program. 
Task 4 was comprized o f  two types o f  o x i d a t i o n  t e s t s :  a r o c k e t  
engine exhaust t e s t  a t  420OOF and an a i r - o x i d a t i o n  t e s t  a t  3000°F. The 
r o c k e t  engine exhaust t e s t  i n v o l v e d  p l a c i n g  t h e  composi te sample, f o r  times 
up t o  800 seconds, under t h e  exhaust o f  an o p e r a t i n g  r o c k e t  engine so t h a t  
a temperature o f  4200°F would be reached. 
a l lowed a c l e a r - c u t  d i s c r i m i n a t i o n  between t h e  o v e r a l l  m e r i t  o f  t h e  Type 
A, B, and C m a t e r i a l s .  Type C was c l e a r l y  t h e  b e s t  i n  t h i s  environment 
and Type A was nex t  best ,  The a i r  o x i d a t i o n  t e s t s  were performed a t  
300OoF f o r  exposures up t o  30 minutes I n  c i r c u l a t i n g  a i r .  
a l lowed an understanding o f  t h e  o x i d a t i o n  c h a r a c t e r i s t i c s  o f  t h i s  t y p e  o f  
m a t e r i a l  f o r  p o s s i b l e  a p p l i c a t i o n s  o t h e r  than r o c k e t  nozz les.  
The s e v e r i t y  o f  t h i s  t e s t  
These r e s u l t s  
Task 5 c o n s i s t e d  o f  t h e  design, f a b r i c a t i o n ,  and t e s t  f i r i n g  o f  
nozz le  i n s e r t s  wf'th 3-in. 'd iameter tkrt-oets., The f i r s t  nozz le  was made -1 
o f  Type C m a t e r i a l .  I t  was s u c c e s s f u l l y  f i r e d  f o r  two 300-second.cycles 
and f i v e  20-second pu lses  w i t h  no t h r o a t  e ros ion .  The i n s e r t  r e t a i n e d  
s t r u c t u r a l  i n t e g r i t y  d u r i n g  t h i s  t e s t  and was removed f rom t h e  nozz le  assembly 
I n  one p i e c e  f o r  p o s t - t e s t  a n a l y s i s .  
d imensional  design, b u t  t h e  m a t e r i a l  was m o d i f i e d  by a change i n  r e i n f o r c i n g  
w i r e  d iameter  f rom 2 m i l s  t o  3.5 m i l s .  A l l  o t h e r  parameters remained 
t h e  same. T h i s  nozz le  a l s o  w i t h s t o o d  t h e  same t e s t  f i r i n g  sequence as 
t h e  p r i o r  one w i t h  no n e t  t h r o a t  e ros ion .  I t  too was removed i n  one p i e c e  
f rom t h e  nozz le  assembly f o r  p o s t - t e s t  a n a l y s i s .  T h i s  "modi f ied 
nozz le  had more s u r f a c e  roughening i n  the  t h r o a t  area than t h e  p r i o r  nozz le  
and might ,  t h e r e f o r e ,  be considered n o t  as d e s i r a b l e  on an o v e r a l l  bas is .  
The second nozz le  was o f  t h e  same 
Type C" 
To demonstrate the  c o n t r o l l i n g  i n f l u e n c e  o f  t h e  r e i n f o r c i n g  
w i r e s  on improved i n s e r t  performance, an a d d i t i o n a l  nozz le  was made w i t h  
t h e  same m a t r i x  m a t e r i a l  as t h e  Type C composite b u t  w i t h  no r e i n f o r c i n g  
w i r e s .  Compared w i t h  a 700-second t e s t  exposure w i t h  no e r o s i o n  f o r  t h e  
r e i n f o r c e d  nozz le,  t h e  u n r e i n f o r c e d  nozz le  exper ienced a 25% t h r o a t  area 
increase i n  7 seconds o f  t e s t  f i r i n g .  Th is  i l l u s t r a t e s  t h e  e x t e n t  t o  which 
w i r e  re in forcement  can improve t h e  p r o p e r t i e s  o f  a ceramic i n  a severe 
thermal shock environment such as a r o c k e t  nozz le.  Based on t h e  successfu l  
performance o f  these r e i n f o r c e d  o x i d e  t h r o a t  i n s e r t s ,  recommendations a r e  
made concern ing how t h i s  p romis ing  m a t e r i a l  m igh t  be used i n  s p e c i f i c  advanced 
r o c k e t  nozz le  a p p l i c a t i o n s .  
2 
I NTRODUCT I ON 
There i s  a c o n t i n u i n g  demand f o r  improved m a t e r i a l s  fo r  
r o c k e t  nozz le  i n s e r t s .  For t h e  h i g h l y - o x i d i z i n g  t iydrazfne bTend n i t r o g e n  
t e t r o x i d e  l i q u i d  p r o p e l l a n t  system, r e f r a c t o r y  ox ides  a r e  promis ing  
m a t e r i a l s  f o r  such i n s e r t s .  These ox ides have h igh- temperature 
c a p a b i l i t i e s ,  e r o s i o n - r e s i s t a n c e ,  and the  n a t u r a l  o x i d a t i o n  r e s i s t a n c e  
necessary f o r  t h i s  a p p l i c a t i o n .  T h e i r  main shortcoming i s  t h e i r  
inherent  b r i t t l e n e s s  which tends t o  cause c a t a s t r o p h i c  f a i l u r e  
through thermal shock i n  a h i g h  heat  f l u x  a p p l i c a t i o n  such as a 
r o c k e t  nozz le.  
I n  a p rev ious  program (NASA Contract  NAS 3-6280) t h a t  was 
aimed a t  t e s t i n g  a v a r i e t y  o f  m a t e r i a l  approaches f o r  t h i s  t y p e  o f  
a p p l i c a t i o n ,  TRW produced a f i b e r - r e i n f o r c e d  o x i d e  c o n s i s t i n g  o f  a 
p a r t i a l l y - s t a b i l i z e d  z i r c o n i a  m a t r i x  r e i n f o r c e d  w i t h  chopped 3.5- 
m i l  d iameter  W - 3 %  Re w i r e .  Smal l -sca le (1.2 inch  t h r o a t  d iameter)  
nozz le  i n s e r t s  o f  t h i s  composite c o n t a i n i n g  5-7 volume percent  o f  
t h e  metal  f i b e r  were f a b r i c a t e d  and t e s t e d ;  they  showed a degree o f  
d u r a b i l i t y  s u p e r i o r  t o  any o t h e r  m a t e r i a l  t e s t e d  p r i o r  t o  t h a t  t ime.  
The success fu l  performance o f  these i n s e r t s  r e s u l t e d  i n  f u r t h e r  
i n t e r e s t  b o t h  i n  understanding t h e  f a c t o r s  c o n t r o l l i n g  the  p r o p e r t i e s  
o f  t h e  m a t e r i a l  and i n  de termin ing  t h e  p r o p e r t i e s  o f  t h i s  composi te 
m a t e r i a l  i n  r o c k e t  engine t e s t s  o f  l a r g e r - s c a l e  i n s e r t s .  
The present  program, t h e r e f o r e ,  was aimed a t  o p t i m i z i n g  
and c h a r a c t e r i z i n g  a ti rcon i a-matr i x ,  metal - f  i b e r - r e  i n forced 
composite m a t e r i a l  and a t  d e f i n i n g  t h e  process ing  technique r e q u i r e d  
f o r  f a b r i c a t i o n  of nozz le  i n s e r t s  o f  t h e  composi te m a t e r i a l .  
The f o l l o w i n g  f i v e - f a c e t e d  approach was pursued i n  t h i s  
program: 
Task 1 - Process ing Technique Development - A s tudy o f  o x i d e  
m a t r i x  m a t e r i a l s ,  re in fo rcement  m a t e r i a l s ,  and t h e  process ing  
of  these components into sound composite s t r u c t u r e s .  
Task 2 - Thermal Shock Tests  - The e v a l u a t i o n  o f  t h e  thermal 
shock c h a r a c t e r i s t i c s  of t h e  m a t r i x  m a t e r i a l s  and r e i n f o r c e d  
composites t o  a i d  I n  o b t a i n i n g  t h e  optimum m a t e r i a l  and 
process v a r i a b l e s .  
Task 3 - T S  - E v a l u a t i o n  o f  
t h e  most p romis ins  composites f o r  t h e  mechanical and thermal 
p r o p e r t i e s  o f  importance t o  rocket  nozz le  appl  i c a t i o n s .  
Task 4 - O x i d a t i o n  T e s t i n g  - An e v a l u a t i o n  o f  t h e  o x i d a t i o n  
behav io r  o f  t h e  composite m a t e r i a l  i n  p r o p e l l a n t  combustion 
produc ts  and i n  a i r .  
Task 5 - I n s e r t  Design and F a b r i c a t i o n  - F a b r i c a t i o n  and t e s t  
f i r i n g  o f  3" t h r o a t  d iameter  i n s e r t s  made f rom t h e  most p romis ing  
composi te m a t e r i a l s .  
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The following sections o f  this report describe the activity 
carried out in each of these areas. 
TASK 1 - PROCESSING TECHNlOUE DEVELOPMENT 
This part o f  the program was aimed at determining the best 
oxide matrix material, the best combination o f  reinforcement variables, 
and the best processing techniques for consolidating these constituents 
into optimum composite structures. This task was carried out integrally 
with the Task 2 thermal shock tests which provided the most decisive 
input for choosing the composite materials for further study in the 
program. 
A. Matrix Materials 
The throat inserts- developed in this program are for ia 1 i i d d  
rocket engine. .burning the propel lants 
The surface of a throat insert made of an insulatlve material would 
be expected to reach 460OOF or higher during the firing o f  the rocket 
engine. This temperature requirement limits the choice of oxides to 
those o f  thorium, hafnium, and zirconium. On the basis of cost, 
availability, toxicity, and available technology, ZrO2 was chosen as 
the most logical candidate for a fiber-reinforced composite matrlx. 
N2O4 and 50% UDMH-50% N2H4. 
1. General Properties o f  Zirconia 
The properties of consolidated Zr02 can be varied considerably 
depending on the end use o f  the product. This program included the 
design and characterization o f  a ZrO2 product aimed specifically at the 
metal fiber-oxide matrix composite application. Both the chemical 
composition (amount and type of stabilizer) and the particle size o f  
the starting powder are important parameters In controlling the properties 
of the consolidated matrix material o f  the composite nozzle insert.. 
Stabi 1 izers - Pure (unstabil ized) zirconia (Zr02) exists at room 
temperature in a monoclinic crystal structure. When heated above 20OO0F, 
the crystal structure starts to change to a tetragonal structure. This 
crystal structure change i s  accompanied by a large decrease in volume 
as illustrated in Figure 1 .  This behavior limits the usefulness of pure 
zirconia in High h-eat- flux'appl'ications since large stresses and -resultant 
fracture occur in the ceramic body when one portion is trying to expand 
while another portion is trying to contract. 
it i s  common to "alloy" a material like calcia (CaO) with the zirconia. 
This results In changing the material to a cubic crystal structure which 
is stable both at ambient and elevated temperature. 
thereby "stabi 1 ized". 
To circumvent this difficulty, 
The zirconia is 
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Fully-stabilized zirconia also has its drawbacks. Although 
it avoids the devastating crystal change, it does have a larger. 
thermal expansivity than the unstabi 1 ized material (see Figure 1). 
If the material is only partially stabilized (by the addition of 
only 5% CaO, for example) a compromise in the low-temperature 
expansion behavior is achieved, and the partial transformation 
to the tetragonal form actually can improve the thermal properties 
at elevated temperature by flattening out the thermal expansion curve. 
Much of the technology of zirconia has been concerned with trying 
to improve the thermal stress properties of the material by controlling 
the type and amount of stabilizer additives. 
One of the most promising stabilizers has been magnesia (MgO). 
A partially-stabilized Mg0-Zr02 system not only undergoes the partial 
phase change in the 200OoF range, but it also undergoes a lattice 
relaxation phenomenon in the 1000°F range that results in a further 
flattening of the thermal expansion curve (Figure 2 ) .  Zircoa's F410 
zirconia that was used in the previous reinforced-zirconia inserts; 
fired at NASA-Lewis (Contract NAS 3-6280) is an MgO-CaO partially-stabil ized 
pircOni$$contaOnOng about 3% MgO end 0.5%:CeO)' chosen for  i € 5  therme1.tdxpansipn 
properties. (Figure't). ModifiEakions-of this rnatefial -and'of zi rconia-base- 
material with other stabilizers were included in the preserrt program 
to find a matrix material with improved thermal properties for this 
application. 
Powder particle size and texture - The particle size 
distribution of the starting powder coupled with the processing parameters 
will control the porosity characteristics of the final structure. Porosity 
in a ceramic structure tends to decrease the strength and modulus so as 
to reduce the elastic energy stored at fracture. A fracture will, there- 
fore, have less energy with which to propagate through the structure. It 
is good ceramic practice to utilize coarse-grained, porous ceramics 
for thermal shock application. 
In the rocket nozzle application being considered here, however, 
Accordingly, 
high density i s  desired for increased strength and erosion resistance, 
and for protection of the reinforcing wires from oxidation. 
relatively fine-particle zirconia powders (less than 10-micron diameter) 
were emphasized in this program. 
Using these guidelines that a fine-particle, partially-stabilized 
zirconia was desired, this program included the following scope of 
activity in finding the optimum matrix material: 
1 .  A survey and appropriate testing of commercially-avai 
"off -the-she1 f" zi rcon ia powders. 
2. The special formulation of about 20 compositions of z 
by Zirconium Corporation of America (Zircoa). 
3. The preparation by TRW of about a dozen specialized 
zirconia compositions, 
able 
rcon i a 
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2. Commerc ia l ly -Avai lab le Z i r c o n i a  
A survey i n d i c a t e d  t h a t  composi t ions o t h e r  than u n s t a b i l i z e d  
o r  c a l c i a - s t a b i l i z e d  z i r c o n i a  a r e  g e n e r a l l y  n o t  a v a i l a b l e  as o f f - t h e -  
s h e l f  i tems. T h i s  i s  n o t  due t o  t e c h n i c a l  problems b u t  r e f l e c t s  a 
l a c k  o f  demand f o r  commercial q u a n t i t i e s  o f  z i r c o n i a  s t a b i l i z e d  by 
ox ides o t h e r  than c a l c i a .  Most o f  t h e  vendors contac ted  d u r i n g  t h e  
survey were n o t  a b l e  
powders considered necessary f o r  h i g h  s i n t e r e d  d e n s i t i t e s  and good 
f i ber-matr  i x  bonding. 
t o  meet t h e  f i n e  p a r t i c l e  s i z e  o f  z i r c o n i a  
The z i r c o n i a  composi t ions t h a t  were ordered as o f f - t h e - s h e l f  
i tems f o r  e v a l u a t i o n  d u r i n g  Task 1 a r e  t a b u l a t e d  i n  Table 1 .  The 
as-received m a t e r i a l s  were examined by x - ray  d i f f r a c t i o n  t o  determine 
t h e  e f f e c t s  o f  t h e  amount and t y p e  o f  s t a b i l i z e r .  The r e s u l t a n t  da ta  
a r e  inc luded i n  Tab le  1. The percentage o f  c u b i c  phase present  i n  t h e  
composi t ion was determined by measuring t h e  i n t e n s i t y  r a t i o  o f  t h e  I l l  
c u b i c / l l I  m o n o c l i n i c  x - ray  d i f f r a c t i o n  l i n e s  and comparing t h i s  
w i t h  a s tandard p l o t  ob ta ined f o r  mechan ica l l y  blended m i x t u r e s  o f  
f u l l y  s t a b i l i z e d  c u b i c  and h i g h - p u r i t y  monoc l in ic  z i r c o n i a  powders. 
These powders were a l s o  c h a r a c t e r i z e d  by p a r t i c l e  s i z e  measyrements 
w i t h  t h e  F i s h e r  Sub Sieve S i z e r  and w i t h  a C o u l t e r  Counter, and they  
were measured f o r  s u r f a c e  area by t h e  BET n i t r o g e n  a b s o r b t i o n  technique 
u s i n g  a PCrk in Elmer Sorptometer: 
Samples were conso l ida ted  from these powders by isopress ing  
a t  30,000 p s i  and vacuum s i n t e r i n g  f o r  4 hours a t  4000'F t o  approximate 
t h e  c o n d i t i o n s  a n t i c i p a t e d  f o r  n o z z l e  f a b r i c a t i o n .  
examined v i s u a l  l y  f o r  genera l  s t r u c t u r a l  i n t e g r i t y .  
They were then 
The r e s u l t s  o f  these t e s t s  a r e  shown i n  Table 2. S i n t e r e d  
d e n s i t i e s  o f  t h e  u n r e i n f o r c e d  compacts g e n e r a l l y  were dependent on 
t h e  p a r t ' l c a l  s i z e  o f  t h e  powder. The compara t ive ly  low d e n s i t i e s  o f  t h e  
B 2 0 3 - s t a b i l i z e d  and t h e  T i - s t a b i l i z e d  composi t ions a r e  due t o  t h e  poor 
s i n t e r i n g  c h a r a c t e r i s t i c s  o f  m o n o c l i n i c  z i r c o n i a .  With t h e  except ion  
o f  t h e  B2O3-stabi1ized m a t e r i a l ,  a l l  composi t ions were f r e e  f rom s i n t e r i n g  
cracks.  
The sound compacts were screened by a thermal shock quench t e s t .  
The thermal shock t e s t  used (more comple te ly  descr ibed i n  t h e  Task 2 
p o r t i o n  o f ' t h i s  r e p o r t )  measures t h e  maximum temperature fi-om which 
a disc-shaped specimen ( i n s u l a t e d  on i t s  f l a t  face)  can be quenched i n t o  
s a l t  b r i n e  w i t h o u t  f r a c t u r e  o f  the  specimen. These thermal shock r e s u l t s ,  
presented l a t e r  under t h e  Task 2 p a r t  o f  t h i s  r e p o r t ,  i n d i c a t e d  t h a t  o n l y  
F410 and t h e  6% T i  composi t ions were promis ing  compared t o  o t h e t - m a t r i x  
m a t e r i a l s .  
Based on these r e s u l t s ,  these two composi t ions were t e s t e d  f o r  
thermal expansion. The data a r e  indorpora ted  l a t e r  i n  Tab le  6 where they  
a r e  compared t o  o t h e r  m a t e r i a l s .  I n  summary, as w i l l  be shown l a t e r  i n  t h e  
d i s c u s s i o n  o f  thermal shock p r o p e r t i e s ,  only these two'(F41'0 and 6% T i )  
o f f - t h e - s h e l f  composi t ions showed s u f f i c i e n t  promise f o r  f u r t h e r  e v a l u a t i o n  
i n  r e i n f o r c e d  composites. 
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3 .  Spe&i.al Zirconia Formulations by Zircoa 
The Zirconium Corporation of America (Zircoa) of Solon, Ohio 
was subcontracted on this program to supply a series of 20 specialized 
zirconia compositions for this specific rocket nozzle application. 
The purpose of this subcontract was to allow Zircoa's specialized 
background and capabilities to be brought to play in this program. 
These special formulations include a series of zirconia compositions 
partially stabil ized with MgO to take advantage of the low thermal 
expansion of this system. Three levels of MgO each in three particle 
size ranges comprised nine of these compositions. Three size ranges 
of a CaO-stabilized zirconia, and eight other various stabilizer 
systems accounted for the total of twenty lots of powder. The nine 
MgO-stabilized powders and the CaO-stabilized powders were prestabilized; 
i .e. the stabi 1 izer was a1 loyed with the zirconia and the resultant' material 
was subsequently crushed to the various particle size ranges. In contrast, 
the other compositions were supplied as monoclinic zirconia powder 
mechanically blended with powders of the various stabilizers. 
These powders were tested for degree of stabilization and 
particle size as described above for the off-the-shelf compositions. 
Similarly, samples were isopressed and vacuum sintered to assess their 
general response to the sintering treatment and to obtain samples for 
thermal shock quench tests. 
Data derived from the as-received and the sintered MgO and 
CaO-stabilized materials are tabulated in Table 3 .  The coarse and 
medium texture powders:sintered to densities of 90 to 94% of theoretical 
while the fine textured materials reached densities of 96 to 98%. The 
data indicate that a high sintered density requires a material with a 
Fisher number of 1.6 microns or less and a particle size range of 80% 
less than 3 . 5  microns. 
Particle size data for the other eight of the Zircoa series 
of compositions are shown in Table 4; the corresponding sinterability 
data are shown in Table 5. All of these materials were characterized 
by an extremely fine particle size and sintered to a high density. 
As noted in Table 5, most of this series of materials could not be 
sintered successfully. Two of the Y 2 0 3  stabilized compositions, however, 
were sound and achieved essentially full theoretical density. 
Bend strength and thermal expansivity data are shown in Table 6. 
Included in Table 6 are data derived from TRW-prepared zirconia 
compositions which will be discussed in the following section. Bend 
strength data,-averaged from 10 specimens, show a wide range o f  values 
possibly caused by internal flaws present in certain of these compositions. 
Specimens for thermal shock quench testing were machined from 
the sound specimens. All of the Zircoa-prepared compositions were tested 
with the exception of the 25% mixed rare earths and the CaO-modified' 























































U T  
a, >I- L w  
a, a- o\o 
+ J m  
8 8  
0- a, 
m n  u 
a , L  










L N  
0 a- 




u u o  
8 8 8  s s s  
0 0 0  m m m  
M*co m c n m  
m m b  
m m m  
o o w  
*a- 
0 . 0  
0 a ’  . - 
I l l  
o o m  
O O M  
* M  
. . .  
m o w  
- - N  
N -  
. 0 .  
b m w  
N N -  
. . .  
c n N N  a b w  
a ) E  m 3  
I .- a, 




m m m  
T E E  
o\ ow o\ 
m m m  a w w  
N N C V  
e . .  
u u o  
8 K C  
s s 3  
0 0 0  
l n m l n  
0-b  c n m m  
Ma b 
m m m  
O Q M  
mco - 
. . .  
0 . -  
I l l  
O O N  
m m M  
* M  
. 0 0  
O O N  
mco N 
e . .  -- 
- N -  
N N -  
e . .  
m a -  
hhb 
a , €  
m s  
L .- a, 
m o  8 
0 a, e- 
V E L  
000 
m m m  
ZzEzZ 
o\o o\o o\ m m m  
Cocom 
N N N  
e . *  
u u o  
8 8 s  
3 3 s  
0 0 0  m m l n  
N m a  m m c n  
=r m a .  
m m m  
0 0 -  
b m -  
I l l  
o o m  
M O N  
4-03 
. . O  
e . .  
. e .  
oocn 
b W -  
. . .  
-c 
N O N  
N W -  
. . a  
M M b  
c o C o h  
@ E  
m 3  
L .- a, 
m u  s 
0 a, e- 
O E L  
0 0 0  
m m m  
T Z E  
o\ o\ o\o m u m  
000 
M r n M  
. . .  
w o w  
C S S  
s 3 3  
0 0 0  m m l n  
**a 
cncncn 
m m b  
m m m  
m m m  
**- 
I l l  
O m N  
*-* 
. * .  
. a *  
0 . .  -- 
o m 0  
ha M 
. e .  
h - w  
N M- 
. . .  
w m h  cococo 
a ) E  m 3  
I .- a, 
m - 0  C 
0 a, -- 
V E L  
000 m m m  
V U 0  
ow ow ow *a* 



























































1 0 3  
I. tn 
2’ K 1 
o e  
N 
o\O N . . 
0 -- 
c o r n  
C L  oa, .- -0 




a m  
Y v )  m >  e- 
l m  






m I J  s .- .- In 
E O  
O Q  






























u u  
0 .- r n  o s  































) = I  
0 0  0 0  . .  . .  
c -  - r _  
I I  I I  
M 4 -  M L n  
N N  M N  













































L X  
N -  
a, u + I  
m 
C E  
- x  u o  
0 1  
S Q  
O Q  
.- 
.- ._ 





















+ 2  
N 3  
o w  I u  
N 3  
I 
u w  .- rn 
C -  
u o  a, 
O N  w 
K >  K 
0 S 
Z E +  0 
0 
X m  
-0 I 
IJn l  P) 
w U r C J  




- m  I 
- 





o\& ow 0 0 
0 0  m n l  

























































































> r w  
0 a- 
m a- 
w a  r m  
a , L  
Ea, 






u e )  .- Q 
S 0- 
uv) 
n s  
o\o m a 
c .- 
.- 
E O  
0 
z E  il 0 
w 
























































































































































































































s %  
z .- u) 
m o u  
c - 0  
m o  
Q X O  
x w  
w u -  
. \  I 0 
E S  
I .- 0 
a,\o 




S I  
a,@ I w  
w s .- 
UJ .- ln 
UJA 
-0 
c l n  










= Y a r n  
cococo 
. . .  
N03- 
M h c o  
- m a  
4- 
. . .  
o m 0  
0 3 0 0  
- c  
P7P.I- 
h h r n  
. . .  
a M h  
a03h 
03- . . .  
- - m  
M 
: 5  
I .- a, 
m w  s 
0 a,- 
uzLL 
m a -  
c o U 3 0  
. . .  
7 
a m  
M h  
h11a 
- 4 -  
4- 
000 
M c n M  - -  
a ) E  
l n 3  
I .- a, 
m w  c 
0 a, *- 
U X L  
m m m  
03 03.03 
N N N  
. . .  m m m  000 . . .  
M m m  
a-Cn 
acnh m m -  . . .  
0ao-l 
4-4-N 
m o m  c n M -  
-_ .  
000 
m m m  u u o  
m m m  
M M M  
. . .  
\Dcnom a - a c o  
c o c 2 N b  0 r n b  
. . . . . . . . . . . . .  
- 
14 
The d e t a i l s  o f  t h e  thermal shock t e s t i n g  a r e  presented under Task 2. 
I n  summary, t h e  2.65% MgO f i n e - t e x t u r e d  and 2.85% MgO medium-textured 
m a t e r i a l s  showed t h e  most promise f o r  f u r t h e r  e v a l u a t i o n ,  and these 
two composi t ions were inc luded i n  t h e  composi te re in fo rcement  p o r t i o n  
o f  t h e  program. 
4. Z i r c o n i a  ComDositions PreDared a t  TRW 
The survey o f  a v i i l a b l e  m a t r i x  m a t e r i a l s  had i n d i c a t e d  t h a t  
a l i m i t e d  cho ice  o f  composi t ions and powder p a r t i c l e  s i z e  ranges was 
a v a i l a b l e  commerc ia l ly ,  As a backup t o  Z i r c o a ' s  e f f o r t s ,  an a d d i t i o n a l  
s e r i e s  o f  composi t ions i n c o r p o r a t i n g  v a r i o u s  s t a b i l i z e r  systems was 
prepared by TRW f o r  e v a l u a t i o n .  These m a t e r i a l s  a r e  summarized i n  
Tab le  7. 
s i n t e r i n g  mechanical b lends o f  commerc ia l ly  a v a i l a b l e  c u b i c  and mono- 
c l i n i c  z i r c o n i a  m a t e r i a l s  i n  a s i n g l e  s t e p  process. T h i s  b r i e f  
e x p l o r a t o r y  s tudy was undertaken t o  p e r m i t  a g r e a t e r  degree o f  f l e x i b i l i t y  
i n  t h e  c h o i c e  o f  s t a b i l i z e r  m a t e r i a l s  and m a t e r i a l  sources. 
The compounds were processed by i s o s t a t i c  p r e s s i n g  and vacuum 
Pre im inary  judgement based on t h e  appearance, d e n s i t y  and 
freedom f rom gross c r a c k i n g  o f  t h e  s i n t e r e d  specimen i n d i c a t e d  t h a t  
t h e  use o f  a s i n g l e  s t e p  process i s  f e a s i b l e .  The presence o f  t h e  
s t a b i l i z e d  z r c o n i a  f r a c t i o n  a p p a r e n t l y  suppresses t h e  damaging volume 
change which occurs d u r i n g  t h e  phase t r a n s f o r m a t i o n  and p e r m i t s  t h e  
s i n t e r i n g  o f  a sound c rack- f ree  compact. Composit ions f a b r i c a t e d  from 
m o n o c l i n i c  z i r c o n i a  c o n t a i n i n g  low l e v e l s  o f  s t a b i l i z e r s  (5% Ce02, 3% 
MgO, and 3% Y 2 O 3 )  con ta ined i n t e r n a l  cracks and l a r g e  v o i d s  o r  f i s s u r e s .  
Higher l e v e l s  o f  s t a b i l i z e r  con ten t  were n o t  as s u s c e p t i b l e  t o  t h i s  t y p e  
o f  c r a c k i n g .  Wi th  t h e  except ion  o f  t h e  3% MgO and 6% Y203 composi t ions,  
a l l  of  t h i s  s e r i e s  o f  m a t e r i a l s  were eva lua ted  by thermal shock quench 
t e s t i n g .  On t h e  b a s i s  o f  t h e  quench t e s t ,  t h e  3 and 5% Y2O3 and 5 and 
10% CeO2 composi t ions were inc luded i n  t h e  composi te re in fo rcement  
program, and t h e  balance o f  t h i s  s e r i e s  o f  composi t ions were dropped 
from t h e  program. 
compounds were inc luded i n  Tab le  6 ) .  
(The thermal expansion r e s u l t s  o f  these Y203 and Ce02 
The m a t r i x  m a t e r i a l s  prepared by TRW t o g e t h e r  w i t h  those 
p r e v i o u s l y  discussed were examined by x - ray  d i f f r a c t i o n  t o  determine 
t h e  e f f e c t s  o f  t h e  amount and t y p e  o f  s t a b i l i z e r .  The percentage o f  
c u b i c  phase present  i n  t h e  compos i t ion  was determined by, as descr ibed 
e a r l i e r ,  t h e  i n t e n s i t y  r a t i o  o f  t h e  1 1 1  c u b i c / l l l  monoc l in ic  x - ray  
d i f f r a c t i o n  l i n e s .  The amount o f  c u b i c  phase present  i s  p l o t t e d  as a 
f u n c t i o n  o f  s t a b i l i z e r  con ten t  f o r  MgO, CaO, Ce02 Y 2 O 3  s t a b i l i z e r  
systems and presented i n  F i g u r e  3. Z i r c o a ' s  F410 composi t ion p r e v i o u s l y  
used as t h e  m a t r i x  m a t e r i a l  f o r  tungsten f i b e r  r e i n f o r c e d  composites 
i s  a l s o  inc luded i n  F i g u r e  3 .  The da ta  i n d i c a t e  t h a t  t h e  degree 'o f  
s t a b i l i , z a t i o n ; i s  s e n s i t i v e  t o ' s m a l l  amounts.of MgO, CaO and Y 2 O 3  and 
r e l a t i v e l y  i n s e n s i t i v e  t o  T i  metal, .Ce02 and t h e  mixed r a r e  e a r t h  a d d i t i o n s .  
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5. M a t r i x  M a t e r i a l  S e l e c t i o n  
From t h e  t h r e e  c a t e g o r i e s  o f  o f f - t h e - s h e l f ,  Z i rcoa-prepared,  
and TRW-prepared m a t e r i a l s ,  a t o t a l  o f  42 z i r c o n i a  composi t ions were 
t e s t e d  i n  t h i s  p a r t  o f  t h e  program. Based on t h e  data discussed 
above t o g e t h e r  w i t h  t h e  thermal shock r e s u l t s  d e t a i l e d  i n  t h e  Task 2 
p a r t  o f  t h i s  r e p o r t ,  t h e  f o l l o w i n g  m a t e r i a l s  were found t o  be t h e  most 
p romis ing  f o r  f u r t h e r  s tudy  i n  t h e  program. 
P r e s t a b i l i z e d  M a t e r i a l s :  3% MgO Commercial f r o m  Z i r c o a  
F410 (MgO + CaO) Commercial f rom Z i r c o a  
Z i r c o a ' s  2.65% MgO F i n e  Tex ture  
Z i r c o a ' s  2.85% MgO Medium Texture  
S i n g l e  Step Compounds: 3% Y203 Prepared by TRW 
5% Y203 Prepared by TRW 
5% Ce02 Prepared by TRW 
10% Ce02 Prepared by TRW 
M o n o c l i n i c :  6% T i  Commercial from Consol idated 
A s t r o n a u t i c s  
These m a t r i x  m a t e r i a l s  were t h e  ones o f  pr ime i n t e r e s t  f o r  
e v a l u a t i o n  i n  t h e  form o f  f i b e r  r e i n f o r c e d  composites i n  t h e  
subsequent p a r t s  o f  t h k  program. 
B. Reinforcement M a t e r i a l s  
A d u c t i l e  metal  r e i n f o r c i n g  m a t e r i a l  was composited w i t h  t h e  
b r i t t l e  z i r c o n i a  m a t r i x  i n  t h i s  program t o  endow t h e  composite w i t h  
r e s i s t a n c e  t o  thermal shock. The scope o f  t h i s  program was l i m i t e d  
t o  t h e  use o f  chopped w i r e s  o f  t h e  re in forcement  randomly d i s t r i b u t e d  
throughout  t h e  z i r c o n i a  m a t r i x .  These d u c t i l e  metal  f i b e r s  can improve 
t h e  b r i t t l e  f r a c t u r e  r e s i s t a n c e  o f  t h e  z i r c o n i a  by a r r e s t i n g  cracks 
and f o r c i n g  them t o  r e i n i t i a t e  o r  change d i r e c t i o n .  These processes 
absorb energy and thereby improve t h e  f r a c t u r e  toughness o f  the  composite. 
As mic rocrack ing  of the  m a t r i x  takes p l a c e  duc ing thermal c y c l i n g ,  .~ 
t h e  s t r e s s  can be t r a n s f e r r e d  f rom t h e  b r i t t l e  m a t r i x  t o  t h e  more d u c t i l e  
f i b e r .  T h i s  process prov ides  a s t r a i n  mechanism i n  the  composi te which 
a l l o w s  i t  t o  behave as a more d u c t i l e  m a t e r i a l .  
The p r o p e r t i e s  r e q u i r e d  i n  such a r e i n f o r c i n g  m a t e r i a l  a r e  
s t r i n g e n t .  A cand ida te  m a t e r i a l  must have a h i g h  m e l t i n g  p o i n t ,  
d u c t i d . i t y ,  h i g h  s t r e n g t h ,  and h i g h  e l a s t i c  modulus coupled w i t h  s u f f i c i e n t  
o x i d a t i o n  r e s i s t a n c e  and c o m p a t i b i l i t y  w i t h  t h e  m a t r i x  m a t e r i a l  t o  w i t h -  
s tand bo th  t h e  f a b r i c a t i o n  c o n d i t i o n s  and t h e  o p e r a t i n g  environment o f  t h e  
nozz le  i n s e r t .  The most l i k e l y  candidates f o r  t h i s  a p p l i c a t i o n  i n c l u d e  t h e  
a l l o y s  o f  tungsten,  molybdenum, columbium, and rhenium. Tantalum, which a l s o  
has a h i g h  m e l t i n g  p o i n t ,  cannot be considered because i t  is r e a c t i v e  w i t h  
z i r c o n i a  a t  t h e  400OOF temperature range a n t i c i p a t e d  f o r  s i n t e r i n g  o f  t h e  
composi te s t r u c t u r e .  Except f o r  rhenium, t h e  o t h e r  p l a t i n u m  meta ls  cannot 
s e r i o u s l y  b e  considered because o f  c o s t .  
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1. Materia 1 s Stud i ed 
An availability survey of reinforcing materials of these 
above-mentioned categories was carried out during TAsk 1. The materials 
that were subsequently procured for evaluation are listed in Table 8. 
These wires were purchased in continuous lengths of 3.5 mils diameter 
insofar as availability allowed. This diameter was chosen for the 
preliminary evaluation of these materials based on prior experience 
with this type of composite. Certain alloys were not available in 
diameters of less than 10 mils, so they were purchased and evaluated 
in the IO-mil diameter size. 
The survey indicated that the most ready source of refractory 
metal wire of the size range of interest is the lamp industry. (Sylvania, 
G.E. etc.). 
are not available in quantity at reasonable cost. For instance, rhenium 
wire, a potentially attractive reinforcement material, was not available 
in the 3.5 mil diameter site. The smallest diameter available was 10 mils, 
and the cost of that was prohibitive for serious consideration for this 
program. 
It was evident that wires not produced by these sources 
2. Evaluation Procedures 
The materials listed in Table 8 were evaluated initially on 
the basis of their ability to resist degradation resulting from thermal 
treatments typical of composite fabrication processes. Accordingly, 
these wires were evaluated not only in the as-received condition but 
also after thermal treatments in vacuum of 30 minutes at 3000'F (a 
typical hot press cycle) and of 4 hours at 400OOF (a typlcal sintering 
cycle). 
and by tensile tests performed at room temperature and at elevated 
temperatures up to 4500 OF. 
After such treatments, the wires were evaluated by metallography 
The tensile testing of these wires was conducted on an lnstron 
tensile machine. Specimens for room-temperature testing were epoxy-bonded 
to sheet metal tabs containing a cross-pin hole grip. A 3-inch gage 
length was used with a cross head speed of 0.02 inches per minute. Yield 
strengths were plotted from the load-deflection curves using a 0.2% offset. 
Elongation measurements were also derived from the load-deflection curves. 
For the elevated-temperature tests, mechanical grips were used. 
Specimens were heated by self 
These tests were conducted in a transparent quartz tube with a mixture of 
75% A r -  25%He as a protective atmosphere. 
resistance. The temperatures were measured with an optical pyrometer. 
Emissivity values of 0.375 at 250OoF and 0.367 at 4500°F were used in 
correcting temperature readings of the W wires. A value of 0.30 was used 
for Mo. 
minute were used for all elevated temperature testing. Yield strength 
(0.2% offset) and elongation measurements were made from the load-deflection 
curves . 
A 3-inch gage length and a cross head speed of 'O,Q2'laclhes. per 
20 
TABLE 8 
F I B E R  REINFORCEMENT MATERIALS 
OBTAINED AS CONTINUOUS LENGTHS FOR PRELIMINARY EVALUATION 
W-doped (218 W) 
W-25% Re 
W-5% Re 
W - 3 %  Re 
W- 1 5% Re 
W - 1 %  Tho2 




Cb-30% Z r  
Cb-15% Z r  
Cb-10% Z r  
Zr-una1 loyed 
3.5 m i l  
3.5 m i l  
3.5 m i l  
3.5 m i l  
3.5 m i l  
3.5 m i l  
3.5 m i l  
3.5 m i l  
3.5 m i l  
3.0 m i l  
5.0 m i l  
10.0 m i l  
5.0 m i l  
10.0 m i l  
General E l e c t r i c  
Rember Coo, Inc.  
Hoskins Mfg. Co. 
General E l e c t r i c  
Sylvan i a 
General E l e c t r i c  
Sylvan i a 
Sy 1 van i a 







3.  Resu l ts  o f  E v a l u a t i o n  
T e n s i l e  r e s u l t s  - The columbium, z i rcon ium,  and t h e i r  a l l o y s  
were e m b r i t t l e d  by t h e  30 minu te  - 300OoF t reatment  t o  such a degree 
t h a t  they  cou ld  n o t  be t e n s i l e  tes ted .  
dropped f rom f u r t h e r  c o n s i d e r a t i o n  I n  t h i s  program. The tungsten and 
molybdenum a l l o y s  g e n e r a l l y  r e t a i n e d  s u f f i c i e n t  s t r e n g t h  and d u c t i l i t y  
t o  a l l o w  subsequent t e n s i l e  t e s t i n g .  The r e s u l t s  o f  such t e s t s  a r e  
l i s t e d  i n  Table 9. T h i s  t a b l e  inciludes t h e  room temperature and e l e v a t e d  
temperature p r o p e r t i e s  o f  3.5 m i l  w i r e  i n  t h e  as-received c o n d i t i o n  as 
w e l l  as a f t e r  t h e  vacuum t reatments o f  3000 and 400OOF. The smal l  loads 
i n v o l v e d  i n  measuring t h e  t e n s i l e  p r o p e r t i e s  o f  a 3.5 m i l  d iameter  w i r e  
w i t h  a s t r e n g t h  l e v e l  o f  l e s s  than 15,000 p s i  made t h e  accuracy o f  these 
measurements ques t ionab le .  Consequently, a l l  w i r e s  hav ing an u l t i m a t e  
t e n s i l e  s t r e n g t h  under 15,000 p s i  a r e  so l i s t e d  w i t h  no f u r t h e r  e s t i m a t e  
o f  a c t u a l  s t r e n g t h .  The e l e v a t e d  temperature t e s t s  o f  Mo and Mo-a l loy 
w i r e s  I n  the  vacuum heat t r e a t e d  c o n d i t i o n  c o u l d  n o t  be performed because 
the  w i r e s  were t o o  f r a g i l e  t o  p e r m i t  mounting f o r  t h e  t e s t s .  
These w i r e s  were, t h e r e f o r e ,  
As  t h e  da ta  i n  Table 9 i n d i c a t e ,  t h e  room temperature s t r e n g t h  
l e v e l s  o f  t h e  W a l l o y  w i r e s  a r e  reduced approx imate ly  50% by t h e  3000°F - 
30 minu te  vacuum t rea tment .  The e l e v a t e d  temperature s t r e n g t h s  i n  most 
cases, however, a r e  v i r t u a l l y  u n a f f e c t e d  by t h i s  t reatment .  The 4O0O0F 
t rea tment  reduced t h e  s t r e n t t h  o f  these w i r e s  even f u r t h e r ,  b u t ,  again,  
t h i s  e f f e c t  i s  d i l u t e d  a t  t h e  h i g h e r  t e s t i n g  temperatures.  T h i s  
e v a l u a t i o n  shows t h a t ,  among t h e  severa l  c lasses  o f  m a t e r i a l s  considered 
f o r  re in fo rcement ,  o n l y  t h e  tungsten a l l o y s  r e t a i n  s u f f i c i e n t  s t r e n g t h  
and d u c t i l i t y  a f t e r  h igh- temperature exposure t o  be considered as e f f e c t i v e  
re in fo rcements  f o r  a z i r c o n i a  matr ix-composi te .  
R e c r y s t a l l i z a t i o n  behav io r  - The W - 5 %  Re and W-25% Re together  
w i t h  t h e  molybdenum a l l o y s  were t h e  ones t h a t  showed t h e  g r e a t e s t  
degradat ion  i n  t e n s i l e  p r o p e r t i e s  a f t e r  h igh- temperature exposure. T h i s  
e f f e c t  Ps a t t r i b u t e d  t o  r e c r y s t a l l i z a t i o n .  The W - 5 %  Re and W-25% Re 
a l l o y s  were produced as thermocouple w i r e  and are ,  t h e r e f o r e ,  undoped. 
The lamp w i r e  manufacturers ,  i n  c o n t r a s t ,  c u s t o m a r i l y  dope t h e i r  tungsten 
a l l o y s  w i t h  smal l  a d d i t i o n s  o f  K, A l ,  and S i  t o  i n h i b i t  r e c r y s t a l l i z a t i o n  
and t o  promote t h e  f o r m a t i o n  o f  e longated,  i n t e r l o c k e d  g r a i n s  when re -  
c r y s t a l l i z a t i o n  does occur .  
General E l e c t r l i c ) ,  W - 1 %  Th02, W - 1 5 %  Re, and W - 3 %  Re a l l o y s  inc luded i n  
t h i s  program were manufactured as lamp w i r e .  The m i c r o s t r u c t u r e s  o f  
these v a r i o u s  W-Re a l l o y  w i r e s  a f t e r  t h e  300OoF t reatment  a r e  shown i n  
F i g u r e  4 .  
doped a l l o y  w i r e s  i s  c o n s i s t e n t  w i t h  t h e i r  s u p e r i o r  p r o p e r t i e s  a f t e r  
h igh- temperature exposure. 
a c c o r d i n g l y  show t h e  equlaxed r e c r y s t a l l i z e d  m i c r o s t r u c t u r e  i n d i c a t i v e  
of b r i t t l e  behav io r  i n  these a l l o y s .  A f i b r o u s  m i c r o s t r u c t u r e  i s  a l s o  
c h a r a c t e r i s t i c  o f  t h e  doped una l loyed W (218 W) and t h e  W-1%Th02 w i r e  
a f t e r  t h e  300OoF t reatment .  
Mo a l l o y s  On F i g u r e  5. The Mo, MoTZM, and Mo-50%Re a l l o y  w i r e s  a r e  
comple te ly  r e c r y s t a l l i z e d  by t h e  3004OF exposure as i s  i n d i c a t e d  by t h e i r  
i n f e r l o r  t e n s i l e  p r o p e r t i e s .  
I n  f a c t ,  t h e  218W (a doped tungsten f rom 
The f i b r o u s  m i c r o s t r u c t u r e  o f  t h e  W-1.5%Re and t h e  W - 3 %  Re 
The undoped W - 5 %  Re and W-25% Re composi t ions 
These m i c r o s t r u c t u r e s  a r e  compared w i t h  t h e  
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F igu re  4. M i c r o s t r u c t u r e  o f  W-Re a l l o y  w i res  a f t e r  a 
300OoF-30 minute vacuum h e a t i n g  cyc le .  500X 
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218W 







Figure 5 .  Microstructure of  W and Mo a l l o y  wires a f t e r  a 
300OoF-30 minute vacuum heat ing  cycle.  500X 
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A l l  w i r e s  were complete ly  r e c r y s t a l l i z e d  by t h e  4000°F-4 hour vacuum 
t rea tment ,  and a l l  w i r e s  underwent b r i t t l e  f a i l u r e  d u r i n g  subsequent room 
temperature t e n s i l e  t e s t i n g .  T e n s i l e  data do n o t  i n d i c a t e  s u p e r i o r  h o t  
s t r e n g t h s  o f  any o f  t h e  r e c r y s t a l l i z e d  W a l l o y s .  
improved d u c t i l i t y  a t  e l e v a t e d  temperatures.  I n  t h i s  respect ,  t h e  1.5 
and 3% Re a l l o y s  a r e  somewhat s u p e r i o r .  
a l l o y s  a r e  presented i n  F i g u r e  6. F i g u r e  7 shows t h e  m i c r o s t r u c t u r e s  
o f  t h e  doped una l loyed W, W-1%ThO2, and Mo-50% Re a l l o y s .  
graphs ind9cate  e f f e c t s  o f  doping on t h e  g r a i n  s t r u c t u r e .  
a r e  c h a r a c t e r i z e d  by l a r g e  i n t e r l o c k i n g  g r a i n s  w h i l e  t h e  undoped a l l o y s  
show an equiaxed m i c r o s t r u c t u r e .  
The doped a l l o y s  e x h i b i t  
The m i c r o s t r u c t u r e s  o f  t h e  W-Re 
These photomicro- 
The doped a l l o y s  
4. S e l e c t i o n  o f  Best Reinforcement M a t e r i a l  
The t e n s i l e  da ta  presented i n  Table 9 i n d i c a t e  t h a t  severa l  
of  t h e  doped tungsten a l l o y s  r e t a i n  s i g n i f i c a n t  p r o p e r t i e s  a f t e r  h igh-  
temperature exposure. I n  choosing t h e  bes t  one fo r  use i n  subsequent p a r t s  
o f  t h e  program, t h e  f o l l o w i n g  c r i t e r i a  were e s t a b l i s h e d .  F i r s t " O t w a s  
assumed t h a t  t h e  4000°F-4 hour s i n t e r i n g  t rea tment  was most l i k e l y  t o  be 
used f o r  composi te process ing,  so t h a t  t h e  p r o p e r t i e s  a f t e r  t h i s  t rea tment  
should be t h e  pr imary  c o n s i d e r a t i o n .  Next, t h e  f u n c t i o n  o f  these f i b e r s  
i n  a r o c k e t  nozz le  i n s e r t  was considered. I n  a nozz le  f i r i n g ,  t h e  I . D .  
o f  t h e  nozz le  i n s e r t  W i l l  be heated by t h e  exhaust gases and a t tempt  t o  
expand. The r e l a t i v e l y  cool  O.D. w i l l  there fore ,  be p laced under a t e n s i l e  
hoop s t r e s s .  I t  i s  t h i s  s t r e s s  t h a t  w i l l  cause c a t a s t r o p h i c  f a i l u r e  i n  a 
nozz le  made o f  a b r i t t l e  m a t e r i a l  such as z i r c o n i a ,  so i t  i s  t h i s  s t r e s s  
t h a t  t h e  r e i n f o r c i n g  w i r e s  must accommodate. Since t h i s  hoop s t r e s s  w i l l  
l i k e l y  be t h e  g r e a t e s t  when t h e  O.D. o f  t h e  nozz le  i s  c o o l e s t ,  i t  i s  t h e  
room temperature t e n s i l e  s t r e n g t h  o f  t h e  r e i n f o r c i n g  w i r e s  ( a f t e r  t h e  
4000°F-4 hour t rea tment )  which was used as t h e  c r i t e r i o n  f o r  choosing t h e  
bes t  r e i n f o r c i n g  m a t e r i a l ,  Us ing t h i s  c r i t e r i o n ,  t h e  W - 3 %  Re was chosen 
as t h e  re in fo rcment  f o r  use On t h e  remainder o f  t h e  program (see Table 9 
for  t h e  t e n s i l e  da ta  a f t e r  t h e  4000°F t rea tment ) .  
r e l a t i v e l y  good e levated- temperature p r o p e r t i e s  a f t e r  t h i s  t rea tment ,  
so i t  should serve as a good re in fo rcement  i n  bo th  t h e  h o t  and c o l d  p a r t s  
of  a n o z z l e  i n s e r t  d u r i n g  t h e  f i r i n g  c y c l e .  
T h i s  a l l o y  a l s o  has 
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Figure 6 .  Microstructure o f  W-Re a l l o y  wires a f t e r  a 








Figure 7. Microstructure o f  W and Mo a l l o y  wires a f t e r  
a 400OOF - 4 hour vacuum heat ing cycle.  500X 
2% 
C .  Composite F a b r i c a t i o n  
A f t e r  hav ing  i d e n t i f i e d  a number o f  p romis ing  z i r c o n i a  m a t r i x  
m a t e r i a l s  and t h e  b e s t  a v a i l a b l e  re in forcement  m a t e r i a l ,  t h e  t a s k  remained 
t o  determine t h e  bes t  p rocess ing  and m a t e r i a l  v a r i a b l e s  f o r  producing 
optimum composites from these m a t e r i a l s .  Even w i t h  t h e  l i m i t e d  scope o f  
c o n s i d e r i n g  o n l y  chopped w i r e s  f o r  re in forcement ,  v a r i a b l e s  such as t h e  
amount o f  re in fo rcement ,  t h e  d iameter  and l e n g t h  o f :  r e i n f o r c i n g  w i r e s ,  
and t h e  composi te f a b r i c a t i o n  parameters had t o  be evaluated.  I n  o r d e r  
t o  c a r r y  o u t  t h i s  i n v e s t i g a t i o n  e f f i c i e n t l y ,  choices o f  parameters t o  be 
s t u d i e d  were based on pas t  exper ience wherever p o s s i b l e .  
i n  s t u d y i n g  t h e  e f f e c t  o f  amount and d iameter  o f  r e i n f o r c i n g  w i r e s ,  one 
t y p i c a l  m a t r i x  m a t e r i a l  and one length/d iameter  r a t i o  (aspect r a t i o )  
w i r e  was used. S i m i l a r l y ,  i n  s t u d y i n g  c o n s o l i d a t i o n  procedures, we 
used o n l y  one i s o p r e s s i n g  and vacuum s i n t e r i n g  t rea tment  combinat ion 
t h a t  was based on p r i o r  exper ience.  
h o t  p r e s s i n g  was i n v e s t i g a t e d .  The work performed i n  these two areas 
o f  re in fo rcement  v a r i a b l e s  and h o t  p r e s s i n g  procedures i s  summarized 
below. 
For example, 
As an a l t e r n a t e  process ing approach, 
1. Reinforcement V a r i a b l e s  
A s e r i e s  o f  composites u s i n g  F410 z i r c o n i a  as t h e  m a t r i x  m a t e r i a l  
and r e i n f o r c e d  w i t h  W - 3 %  Re w i r e s  were f a b r i c a t e d  by i s o p r e s s i n g  and 
vacuum s i n t e r i n g .  The composites conta ined 3, 5, 10, and 20%,by volume 
of  chopped w i r e s  o f  2, 3.5, 5, 
was main ta ined a t  about 60. These composites w e r e . f a b r i c a t e d  by b l e n d i n g  
t h e  chopped w i r e s  w i t h  t h e  z i r c o n i a  powder and then isopress ing  a t  30,000 
p s i  fo l lowed by a 40OOOF - 4 hour vacuum s i n t e r i n g  t reatment .  
and 10 m i l s  d iameter .  The a s p e c t ’ r a t i o  
The s i n t e r e d  d e n s i t i e s  o f  these composites a r e  shown i n  F i g u r e  8 
as a f u n c t i o n  o f  w i r e  volume. The t r e n d  toward lower d e n s i t i e s  w i t h  
i n c r e a s i n g  volume o f  meta l  w i r e s  i s  p robab ly  caused by t h e  f o r m a t i o n  o f  
a m e t a l - w i r e  s k e l e t o n  suppor t  which prevents  f r e e  shr inkage o f  t h e  
m a t r i x  m a t e r i a l  d u r i n g  s i n t e r i n g .  Composites c o n t a i n i n g  20% by volume 
(20 v/o) o f  metal  w i r e s  c o u l d  n o t  be blended t o  f o r m  homogeneous composites, 
The composi te o f  20 v/o 5 - m i l  w i r e  cou ld  n o t  even be s i n t e r e d  because 
o f  t h e  poor c o m p r e s s i b i l i t y  d u r i n g  compaction. The 20 v /o 10-mi l  w i r e  
compact was s i n t e r a b l e  o n l y  because t h e  metal  w i r e s  formed a s k e l e t o n  
t h a t  was s e l f  suppor t ing .  There was v i r t u a l l y  no f f i b e r - m a t r i x  i n t e g r i t y  
I n  t h i s  compact. Thus, i t  appears t h a t  a 20 v/o i s  n o t  a p p l i c a b l e  
t o  these composites f a b r i c a t e d  by an isopress-and-s in te r  approach. 
Discs f o r  thermal shock quench t e s t s  were machined from each 
o f  these specimens. 
i n  F igures  9, 10, 1 1 ,  and 12. I t  i s  apparent f rom t h e  appearance o f  these 
specimens t h a t  w i t h  i n c r e a s i n g  w i r e  d lameter  and/or i n c r e a s i n g  w i r e  
conten t  t h e  f i b e r - m a t r i x  bond i s  d e t e r i o r a t i n g .  M e t a l l o g r a p h i c  examinat ion 
and t ransverse  r u p t u r e  t e s t s  o f  t h e  a s - s i n t e r e d  m a t e r i a l  and o f  t h e  thermal 
shock t e s t e d  m a t e r i a l  were performed t o  d e f i n e  t h e  e f f e c t s  o f  w i r e  d iameter  
and conten t  on t h e  p r o p e r t i e s  o f  t h e  composite. Pet rograph ic  techniques were 
a l s o  used t o  s tudy t h e  s i g n i f i c a n t  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  these m a t e r i a l s .  
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Figure 8. Density o f  F4lO zirconia-W-3% Re wire reinfarced composites, 
isopressed and vacuum sintered at 400OoF for 4 hours. 
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a- 3 v/o b- 5 V/O 
c- 10 v/o d- 20 v/o 
Figure 9. lsopressed and vacuum-sintered composites o f  F410 z i r c o n i a  re in forced  
w i t h  various indicated amounts o f  2 m i l  diameter x 1/8" long W-3% Re 
chopped w i re .  
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a- 3 v/o b- 5 V/O 
c- 10% v/o d- 20% V/O 
Figure 10. lsopressed and vacuum-sintered composites of F410 zirconia reinforced 
with the various indicated amounts of 3.5  mil diameter x 3/16" long 
W-3% Re chopped wire. 
5 
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a- 3 v/o b- 5 V/O 
c- 10 v/o 
Figure 1 1 .  lsopressed and vacuum-sintered composites of F410 zirconia reinforced 
with the various indicated amounts of 5 mil diameter x 5/16" long 




a- 3 v/o b- 5 v/o 
c- 10 v/o d- 20 v/O 
Figure 12. lsopressed and vacuum-sintered composites of F410 zirconia reinforced 
with the various indicated amounts of 10 mil diameter x 5/8" long 
W-3% Re chopped wire. 
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M e t a l l o g r a p h i c  examinat ion - Meta l lography  was used t o  o b t a i n  
a b e t t e r  understanding o f  t h e  behav io r  o f  these r e i n f o r c e d  composites. 
I t  was found t h a t  t h e  h i g h e r  p o r o s i t y  assoc ia ted  w i t h  h i g h e r  w i r e  volumes 
occurs c h i e f l y  a t  t h e  w i r e  i n t e r f a c e  and i n  v o i d s  formed by c l u s t e r s  o f  
w i res .  T h i s  behavior  i s  e v i d e n t  i n  t h e  m i c r o s t r u c t u r e s  o f  a 3 v/o 5 - m i l  
r e i n f o r c e d  sample compared t o  a 10 v /o 3.5 m i l  r e i n f o r c e d  sample , 
shown i n  F igures  13 and 14. I n  t h e  3 v/o sample, t h e  pores a r e  d i s t r i b u t e d  
u n i f o r m l y  throughout  t h e  m a t r i x ,  and t h e  metal  w i r e s  appear well-bonded t o  
t h e  m a t r i x .  The 10 v /o sample shows s i m i l a r  pores d i s t r i b u t e d  throughout  
t h e  m a t r i x ,  b u t  l a r g e  v o i d  spaces a l s o  surround t h e  r e i n f o r c i n g  f i b e r s .  
The l o s s  o f  f i b e r - m a t r i x  bond area represented by such v o i d s  would be 
expected t o  be d e t r i m e n t a l  t o  t h e  performance o f  such composites. 
Pet rograph ic  a n a l y s i s  - 
u n r e i n f o r c e d  m a t r i x  m a t e r i a l s  and 
c o n d i t i o n  as w e l l  as a f t e r  therma 
Z i rcoa.  Pet rograph ic  a n a l y s i s  i s  
viewed by t r a n s m i t t e d  l i g h t ,  wh 
v iew o f  t h e  m i c r o s t r u c t u r e .  T h i s  
r e l a t i o n s h i p s  and t h e  o b s e r v a t i o n  
A p e t r o g r a p h i c  examinat ion o f  t h e  
composite s t r u c t u r e s  i n  t h e  a s - s i n t e r e d  
shock quench t e s t i n g  was performed by 
performed on t h i n  p o l i s h e d  s e c t i o n s ,  and 
ch a f f o r d s  a three-d imensional  
technique a l l o w s  t h e  s tudy o f  phase 
o f  r e s i d u a l  s t resses  i n  t h e  ceramic.  
\ 
The observa t ions  f rom t h i s  technique a r e  e a s i e s t  t o  i n t e r p r e t  when 
viewed i n  f u l l - c o l o r .  However, some o f  t h e  more s a l i e n t  f e a t u r e s  
a r e  apparent i n  b lack-and-whi te  as i l l u s t r a t e d  below. 
One o f  t h e  more promis ing  m a t r i x  m a t e r i a l s  f o r  use i n  t h i s  
program i s  a 2.85% MgO-stabi l ized z i r c o n i a .  F i g u r e  15 i s  a p o l a r i z e d  
l i g h t  v iew o f  an u n r e i n f o r c e d  sample o f  t h i s  m a t e r i a l  which had been 
isopressed and vacuum s i n t e r e d .  T h i s  m a t e r i a l  was 71% c u b i c  as measured 
by x - r a y  d i f f r a c t i o n  and had been s i n t e r e d  t o  97% o f  t h e o r e t i c a l  d e n s i t y .  
I n  the  f i g u r e ,  t h e  pores a r e  polygonized due t o  t h e  400OOF s i n t e r i n g  
t rea tment .  S l i p  b a n d s ' a r e  e v i d e n t  i n  th'd area of t h e  pores.  T h i s  i s  seen as 
deformat ion bands e v i d e n t  as the  symmetr ical  l i g h t  s t r e a k s  emanating f rom 
t h e  pores.  The f i n e  o r t h o g o n a l  s e t  o f  s t r i a t i o n s  i n  t h e  background a r e  
s l i p  t r a c e s  which i n d i c a t e  an o v e r a l l  de format ion  o f  t h e  ceramic. T h i s  
a b i l i t y  t o  deform by s l i p  he lps  account f o r  t h e  r e l a t i v e l y  good thermal 
shock c h a r a c t e r i s t i c s  o f  these MgO-stabi l ized z i r c o n i a  composi t ions.  
F i g u r e  16 shows a p o l a r i z e d - l i g h t  v iew o f  Z i r c o a ' s  F410 m a t e r i a l ,  
another  l e a d i n g  cand ida te  i n  t h i s  program. T h i s  m a t e r i a l ,  u n r e i n f o r c e d ,  
has been s i n t e r e d  t o  a d e n s i t y  o f  90% and i s  56% c u b i c .  The amount o f  
p o r o s i t y  appears t o  be l a r g e  because the  v iew i s  through a volume o f  
m a t e r i a l  and a l l  pores w i t h i n  t h i s  volume a r e  v i s i b l e  w i t h i n  t h e  f i e l d  
of v iew, 
e l a s t i c  s t r a i n .  The p a r t i c u l a r  l o c a t i o n  which was photographed showed 
a l a r g e  amount o f  s t r a i n  as i s  evidenced by t h e  b r i g h t  f r i n g e s  on t h e  
g r a i n  i n  t h e  center .  T h i s  amount o f  s t r a i n  I s  n o t  t y p i c a l  o f  t h e  b u l k  
o f  t h e  sample. 
The sample shows some f i n e  s l i p  w i t h i n  t h e  g r a i n s  and a l i t t l e  
The f o r e g o i n g  m a t r i x  m a t e r i a l s  a r e  t y p i c a l  examples o f  t h e  
u n r e i n f o r c e d  m a t e r i a l s  examined i n  t h e  a s - s i n t e r e d  c o n d i t i o n .  The 
t h e r m a l l y  shocked m a t e r i a l s  conta ined no d i s c e r n a b l e  d i f f e r e n c e s  f rom 
t h e  unshocked m a t e r i a l s .  
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F igu re  13. Z i r c o n i a  m a t r i x  r e i n f o r c e d  w i t h  3 v/o o f  
5.0 m i l  W-3% Re w i r e .  lsopressed and 
vacuum s i n t e r e d .  75X m a g n i f i c a t i o n .  
F igu re  14. Z i r c o n i a  m a t r i x  r e i n f o r c e d  w i t h  10 v/o o f  
3.5  m i l  W-3% Re w i r e .  tsopressed and 
vacuum s i n t e r e d .  75X m a g n i f i c a t i o n .  
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Figure 15. As-sintered unreinforced 2.85% MgO-stabilized 
zirconia; polarized transmitted light, 
gypsium plate. 1500X 
Figure 16. As-sintered unreinforced F410 zirconia; 
polarized transmitted light. 360X 
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Petrographic techniques were also used to study the wire-reinforced 
composites to determine the effect of the reinforcing wires:-on the ziicsnia 
matrix material. A microstructure of F410 zirconia compos.it"e co'ntai'ning 10 
v/o of 10-mil diameter wlre, Figure 17, shows evidence of radial crackifig 
due to mismatch in thermal expansitivity between the wire and matrix. The 
grain size is variable and it is probablethat the wires have interfered with 
grain growth. 
zirconia grains exhibit a fairly large amount of elastic strain. 
The sample contains a large amount of porosity and the 
Figure 18 is a view of the same matrix material reinforced with 
10 v/o of 3.5 mil wire showing photoelastic patterns in the zirconia 
grains which seem to be clearly associated with stresses arising due to 
mismatch in thermal expansitivity. The figure shows some cracking, but 
this was noticeably less than in the specimen containing wires of larger 
d i ame t er . 
The analysis o f  these thermally shocked composites indicates 
that the higher volume fractions of wire interfere with sintering of 
the matrix material which results in higher porosity and less bonding of 
the component materials. Composites containing the 2.0-mil diameter w'ire 
exhibited less evidence of residual stress due to the thermal expansivity 
mismatch of the components than do the composites containing the larger wire 
d i ameters. 
Transverse rupture properties - Transverse rupture properties 
were measured by a 3-point bend test on these composites both In the 
as-sintered condition and after being subjected to a thermal shock 
quench test. 
into an ice-brine solution as described more completely in the Task 2 
portion of  this report. The resultant bend strength measurements are 
listed in Table 10. 
The quench test consisted of a single quench from 193OoF 
It was desired toobta1.n as much information as possible from 
these data concerning optimum wire d ameter and content. 
it was considered most meaningful to study the strength after the thermal 
shock quen:cX,test since the residual strength would then likely be dependent 
on the effectiveness of the reinforc ng fibers. Accordingly, transverse 
rupture strengths were plotted as a function of bofh wire diameter and 
wire content as shown in Figure 19. These data show that wire contents 
in the 5-10 v/o range are the most effective. 
of from 2 to 5 mils give the best reinforcement. It is also indicated 
that the smaller diameter wires can be effectively used in greater amounts 
than can the larger diameter wires, For example, at the 20 v/o loading 
the best results were with the 2-mi1 diameter wires, while at the 3 v/o 
loading the best results were with the 10-mil wires, In summary, these 
results were encouraging in that they 'indicated definite ranges where 
optimum reinfqrcement of composites was obtained. 
guide to futher composite development. 
To do this, 
Also, wires with diameters 
This was a valuable 
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F igu re  17. F410 m a t r i x  composite r e i n f o r c e d  w i t h  10% of 
I O - m i l  d iameter  w i r e  a f t e r  thermal shock 
quench t e s t i n g .  Plane t r a n s m i t t e d  l i g h t .  150X 
F i g u r e  18. F410 m a t r i x  composite r e i n f o r c e d  w i t h  10% o f  
3.5 m i l  d iameter w i r e  a f t e r  thermal shock 
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Figure 19. Bend strength after thermal shock testing as a function of 
(a) reinforcement wire content and (b) wire diameter. 
lsopressed and vacuum sintered F410 zirconia-W-3%Re composites. 
m 
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2. Hot Press ing  Studies 
As an a l t e r n a t e  t o  t h e  r e l a t i v e l y  long- t ime,  h igh- temperature 
( 4  h r s .  a t  4000°F) p rocess ing  c y c l e  used f o r  t h e  isopress-and-s in te r  
approach t o  composite f a b r i c a t i o n ,  the h o t - p r e s s i n g  c o n s o l i d a t i o n  approach 
was exp lo red .  Both t h e  convent iona l  h o t  p r e s s i n g  approach and the  use o f  
r e a c t i  ve h o t  press i ng (press i ng i n t h e  temperature range of  monocl i n? c - t o -  
t e t r a g o n a l  phase change f o r  z i r c o n i a )  were exp lo red  i n  t h i s  s tudy.  
Convent ional  h o t  p r e s s i n g  - The i n i t i a l  h o t  p r e s s i n g  s t u d i e s  were 
c a r r i e d  o u t  u s i n g  u n r e i n f o r c e d  F410 z i r c o n i a  w i t h  t h e  aim o f  d e f i n i n g  process- 
i n g  c y c l e s  r e q u i r e d  t o  o b t a i n  h i g h  d e n s i t y  i n  a z i r c o n i a  compact. The h o t  
p r e s s i n g  was performed i n  g r a p h i t e  t o o l i n g  w i t h  a 10-mi l  t h i c k  molybdenum 
l i n e r  i n  the  mold t o  min imize carbon contaminat ion.  The g r a p h i t e  mold, a l s o  
used as t h e  susceptor ,  was i n d u c t i o n  heated by a l O O K W ,  9600 cps motor 
genera tor .  The mold assembly was b u r i e d  i n  g r a p h i t e  powder i n s i d e  a q u a r t z  
tube. 
g r a p h i t e  powder. 
No p r o t e c t i v e  atmosphere was used o t h e r  than t h a t  p rov ided by the  
A p ressure  o f  8000 p s i  was used f o r  a l l  p r e s s i n g  cyc les .  
Press ing  c y c l e s  of  2700°F t o  3000°F produced comDacts i n  t h e  98 t o  
99% d e n s i t y  range. However, a problem o f  con taminat ion  from t h e  g r a p h i t e  
t o o l i n g  was encountered d e s p i t e  tCle use o f  the  molybdenum p r o t e c t i v e  l i n e r .  
The use o f  h i g h  d e n s i t y  alumina l i n e r s  and punches e l i m i n a t e d  t h e  contami- 
n a t i o n  problem, b u t  t h e  alumina punches f a i l e d  a t  pressures approaching 8000 
p s i .  Because o f  t h i s  l i m i t a t i o n  and t o o l i n g  f a b r i c a t i o n  d i f f i c u l t i e s ,  t h e  
use of  ceramic t o o l i n g  was abandoned. 
React ive  h o t  p r e s s i n g  - I n  o r d e r  t o  overcome the  carbon contami- 
n a t i o n  and ceramic t o o l i n g  problems assoc ia ted  w i t h  convent iona l  h o t  p ress ing ,  
h o t  press i ng i n  t h e  1900-2300°F temperature range us i ng r e a c t i v e  heat  i ng c y c l e s  
was employed. The r e a c t i v e  c y c l e  i n v o l v e s  thermal c y c l i n g  o f  t h e  sample, 
w h i l e  under pressure,  through t h e  monoclinic-to-tetragonal phase change t o  
t a k e  advantage o f  t h e  increased r e a c t i v i t y  of  z i r c o n i a  w h i l e  undergoing t h e  
phase change. 
A s e r i e s  o f  composites c o n t a i n i n g  5 v /o  o f  3.5 m i l  d iameter  
r e i n f o r c i n g  w i r e  were h o t  pressed by t h i s  technique.  Var ious m a t r i x  m a t e r i a l s  
were used. Most o f  these c o n s i s t e d  o f  m o n o c l i n i c  z i r c o n i a  blended w i t h  Ce02 
and Y20 as s t a b i l i z e r s .  The compacts, i n  g r a p h i t e  t o o l i n g ,  were brought  up 
t o  1900 F and then 8000 p s i  p ressure  was app l ied .  Temperature was then r a i s e d  
t o  2300°F i n  15 minutes and a l lowed t o   COO^ t o  1900°F i n  15 minutes under 
f u l l  pressure.  Two specimens o f  each m a t e r i a l  composi t ion were f a b r i c a t e d .  
The f i r s t  s e t  o f  s ecimens were sub jec ted  t o  a s i n g l e  c y c l e  thermal shock 
quench f rom 1930°F i n  the as-pressed c o n d i t i o n .  The second s e r i e s  o f  specimens 
were vacuum s i n t e r e d  f o r  4 hours a t  4000°F b e f o r e  thermal shock t e s t i n g .  
Data d e r i v e d  f rom these specimens a r e  presented i n  Table 11.  
a 
P 
The d a t a  i n d i c a t e  t h a t  d e n s i t y  o f  h o t  pressed compacts i s  somewhat 
dependent on the  degree o f  s t a b i l i z a t i o n  o f  t h e  m a t r i x .  The h i g h e s t  d e n s i t i e s  
94 t o  97%, were a t t a i n e d  by t h e  6% T i  composi t ion which i s  comple te ly  monoc l in ic .  
Press ings o f  t h e  F410 m a t e r i a l ,  which i s  p r e s t a b i l i z e d  a t  approx imate ly  60% 
c u b i c ,  reached a maximum o f  69% o f  t h e o r e t i c a l  d e n s i t y .  Th is  e f f e c t  o f  degree 
o f  s t a b i l i z e d  c u b i c  phase d e t r a c t i n g  f rom t h e  e f f e c t i v e n e s s  of  t h e  r e a c t i v e  h o t  
p r e s s i n g  c y c l e  i s  shown i n  F i g u r e  20. 
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Attempts t o  improve t h e  hot -pressed d e n s i t i e s  by a vacuum 
s i n t e r i n g  c y c l e  proved i n e f f e c t i v e .  Most o f  t h e  vacuum-sintered compacts 
had a lower d e n s i t y  a f t e r  s i n t e r i n g .  The lower d e n s i t y  was caused by 
e x t e n s i v e  mic rocrack  f o r m a t i o n  presumably due t o  t h e  thermal e x p a n s i v i t y  
mismatch o f  t h e  component m a t e r i a l s .  
d u r i n g  s i n t e r i n g  was t o o  bad ly  cracked t o  be useable.  
The F410 composi te which d i d  d e n s i f y  
The same r e a c t i v e  h o t  p r e s s i n g  c y c l e  was a p p l i e d  t o  l a r g e r  
p ress ings  b u t  produced d e n s i t i e s  o n l y  on t h e  o r d e r  o f  75 t o  85% o f  
t h e o r e t i c a l .  These l a r g e r  specimens, 1-1/2 i n c h  OD x 1/2 inch  I D  x 
3/4 inch  long,  were produced f o r  thermal shock t e s t i n g  by a plasma j e t  
t e s t .  The lower pressed d e n s i t i e s  a r e  p robab ly  due t o  increased d i e  
w a l l  f r i c t i o n  r e s u l t i n g  f rom t h e  increased s u r f a c e  area o f  t h i s  t y p e  o f  
specimen geometry. I t  was necessary,  t h e r e f o r e ,  to:raise t h e  process ing  
temperature t o  2500°F i n  o r d e r  t o  reach an acceptab le  pressed d e n s i t y  
on t h e  l a r g e r  compacts. D e n s i t i e s  o f  92-95% o f  t h e o r e t i c a l  were ob ta ined 
w i t h  t h i s  h i g h e r  temperature c y c l e .  
The r e a c t i v e  h o t  p r e s s i n g  c y c l e  i s  a p p l i c a b l e  t o  m o n o c l i n i c  
z i r c o n i a  and t o  composi t ions compounded by mechanical m i x t u r e s  o f  
m o n o c l i n i c  z i r c o n i a  and a s t a b i l i z i n g  agent.  P r e s t a b i l i z e d  powders 
( m a t e r i a l s  t h a t  a r e  f u l l y  o r  p a r t i a l l y  s t a b i l i z e d  as a r e s u l t  o f  
p rev ious  thermal t rea tments )  do n o t  respond t o  t h e  r e a c t i v e  h o t  p r e s s i n g  
c y c l e .  As a consequence, i t  was necessary t o  use convent iona l  h i g h e r  
temperature cyc les  t o  h o t  press F410 m a t r i x  composi te m a t e r i a l s .  A 
d e n s i t y  o f  6.3 g/cc (99%) f o r  an F410 m a t r i x  - 5 v /o  W - 3 %  Re w i r e  
composite was achieved by a 10-minute, 28OO0F, 8000 p s i  c y c l e .  
Hot p ress ing  i s  capable o f  p roduc ing  a h i g h  d e n s i t y  z i r c o n i a  
composi te a t  r e l a t i v e l y  low process ing  temperature,  a c o n d i t i o n  which 
he lps  t o  r e t a i n  most o f  t h e  o r i g i n a l  p r o p e r t i e s  o f  t h e  r e i n f o r c i n g  
w i r e s .  A d d i t i o n a l l y ,  compacts can be h o t  pressed w i t h  good d imens iona l  
c o n t r o l .  T h i s  i s  an impor tant  f a c t o r  i n  reducing t h e  c o s t l y  diamond 
g r i n d i n g  necessary t o  produce composi te hardware. The performance o f  
the  h o t  pressed composites however, as discussed under t h e  Task 2 s e c t i o n  
o f  t h i s  r e p o r t ,  i s  apparent ly  i n f e r i o r  t o  t h a t  o f  t h e  isopressed and 
vacuum-sintered composites. Hot p ress ing ,  t h e r e f o r e ,  was n o t  used t o  
produce any o f  t h e  hardware eva lua ted  i n  t h e  subsequent p a r t s  o f  t h i s  
p rog ram. 
3 .  Selected F a b r i c a t i o n  Techniaues 
Except f o r  those specimens prepared by h o t  p r e s s i n g  as d iscussed 
above, an isopress-and-vacuum-sinter procedure was used f o r  composi te 
f a b r i c a t i o n .  T h i s  procedure c o n s i s t s  o f  m i x i n g  t h e  z i r c o n i a  powder 
and chopped f i b e r s  i n  a powder b lender  u n t i l  a homogeneous m i x t u r e  i s  
ob ta ined.  T h i s  i s  o f t e n  a d i f f i c u l t  s t e p  because t h e  w i r e s  tend t o  
form t a n g l e d  agglomerates, p a r t i c u l a r l y  a t  t h e  h i g h e r  w i r e  conten ts  and 
w i t h  t h e  longer  lengths  o f  chopped w i r e .  A t w i n  cone powder b lender  
w i t h  a h i g h  speed i n t e n s i f i e r  b a r  was found h e l p f u l  i n  a c h i e v i n g  
homogeneity i n  these powder-wire mix tu res .  
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The nex t  s t e p  i n v o l v e s  t h e  l o a d i n g  o f  t h e  mixed composi te i n t o  
a rubber  membrane mold. The metal  w i r e s  tend t o  form a s k e l e t a l  
s t r u c u r e  o f  a low b u l k  d e n s i t y ,  so tamping o f  t h e  l o o s e - f i l l e d  mold 
i s  o f t e n  r e q u i r e d .  The mold i s  then sealed and p laced i n s i d e  a l i q u i d  
f i l l e d  p ressure  chamber i n  which t h e  pressure  i s  r a i s e d  t o  t h e  d e s i r e d  
p r e s s i n g  c o n d i t i o n  - 30,000 p s i  fo r  t h i s  program. The i s o s t a t i c  p ressure  
present  i n  t h e  chamber he lps  i n s u r e  u n i f o r m  compaction throughout  t h e  
sample. A f t e r  p r e s s i n g  i s  complete, t h e  rubber membrane mold is 
removed from t h e  sample i n  p r e p a r a t i o n  f o r  s i n t e r i n g .  
Vacuum s i n t e r i n g  was used i n  t h i s  program t o  p r o t e c t  t h e  
r e i n f o r c i n g  w i r e s  f rom o x i d a t i o n .  A s i n t e r i n g  temperature o f  4000°F 
was deemed s u i t a b l e  f o r  these composites based on p r i o r  exper ience.  
To h e l p  c o n t r o l  thermal s t resses  w i t h i n  t h e  composi te d u r i n g  s i n t e r i n g ,  
a 16-hour heat  up c y c l e  t o  4000°F and a 8-hour cool-down c y c l e  was 
used w i t h  a 4-hour hold at the s i n t e r i n g  temperature.  
The aspect r a t i o  o f  t h e  r e i n f o r c i n g  w i r e  was mainta ined a t  
about 60 ( i t  a c t u a l l y  v a r i e d  f rom 54 f o r  t h e  3 .5  m i l  x 3/16" w i r e  
t o  63 f o r  t h e  2, 5 ,  and 10 m i l  w i r e ) .  The e f f e c t  o f  aspect r a t i o  
o f  t h e  w i r e s  was s t u d i e d  i n  Task 3 o f  t h e  program where i t  w i l l  be 
d iscussed i n  d e t a i l .  T h i s  s tudy showed t h a t  60 was f o r t u n a t e l y  a 
good c h o i c e  o f  w i r e  aspect r a t i o  and was, t h e r e f o r e ,  used throughout  
t h e  program. 
Using t h e  W - 3 %  Re r e  n f o r c i n g  w i r e  combined i n  v a r i o u s  s i z e s  
and amounts w i t h  t h e  more prom s i n g  m a t r i x  m a t e r i a l s  d iscussed e a r l i e r  
i n  t h i s  r e p o r t ,  composi te spec mens were made by t h e  isopress  and 
s i n t e r  method d iscussed above. Wire re in fo rcement  parameters were 
v a r i e d  i n  t h e  5-10 v /o range and i n  t h e  2-10 m i l  d iameter  range as 
had been determined (and d iscussed e a r l  i e r  i n  t h i s  r e p o r t )  t o  produce 
t h e  optimum composi tes.  
These composites were then eva lua ted  by thermal shock t e s t s  
w i t h  t h e  aim o f  choosing t h e  b e s t  ones f o r  f u r t h e r  e v a l u a t i o n  i n  t h e  
program. The v a r i o u s  composites produced and t e s t e d  a r e  d e t a i l e d  i n  
t h e  Task 2 d i s c u s s i o n  t o g e t h e r  w i t h  the  corresponding thermal shock 
r e s u l t s  and r a t i o n a d e . f o r  s e l e c t i o r :  o r  r e j e c t i o n  of t h e  composites 
t o  be considered f o r  r o c k e t  n o z z l e  f a b r i c a t i o n .  
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TASK 2 - THERMAL SHOCK TESTS 
The pr imary  aim o f  r e i n f o r c i n g  ceramic s t r u c t u r e s  f o r  r o c k e t  
nozz le  a p p l i c a t i o n s  i s  t o  improve t h e i r  thermal shock c h a r a c t e r i s t i c s .  
There fore ,  i t  i s  f i t t i n g  t h a t  thermal shock behav io r  be one o f  t h e  
pr imary  c r i t e r i a  on which t o  choose an optimum r e i n f o r c e d  z i r c o n i a  
composite. The approach i n  t h i s  program was t o  f i n d  a number o f  m a t r i x  
m a t e r i a l s  which possessed i n h e r e n t l y  good thermal shock r e s i s t a n c e  
i n  t h e  u n r e i n f o r c e d  c o n d i t i o n  and then combine these w i t h  t h e  optimum 
r e i n f o r c i n g  m a t e r i a l  i n  such a way so as t o  y i e l d  t h e  optimum composi te 
s t r u c t u r e .  
To s a t i s f y  t h e  range o f  requirements imposed by t h i s  approach, 
t h r e e  types  o f  thermal shock t e s t s  were employed. These inc luded a 
quench t e s t ,  a p lasma- je t  t e s t ,  and an e l e c t r o n  beam t e s t .  
A. Quench Tests  
The quench t e s t  was used t o  d e f i n e  t h e  temperature d i f f e r e n t i a l  
(A T) r e q u i r e d  t o  cause f a i l u r e  o f  a t e s t  specimen. 
p r i m a r i l y  used t o  r a t e  z i r c o n i a  m a t r i x  m a t e r i a l s  i n  t h e  u n r e i n f o r c e d  
c o n d i t i o n .  
m a t e r i a l s  composited w i t h  v a r i o u s  f i b e r  amounts and geometry by means 
o f  a s i n g l e  quench c y c l e  f rom t h e  maximum temperature.  
T h i s  t e s t  was 
The quench t e s t  was a l s o  used f o r  p r e l i m i n a r y  e v a l u a t i o n  o f  
1 .  
The quench t e s t  used a d i s c  specimen 1.5 inches i n  d iameter  x 1/4 
inch  t h i c k  i n s u l a t e d  on t h e  ends t o  l i m i t  heat f l o w  t o  t h e  r a d i a l  d i r e c t i o n .  
Specimens were clamped i n  a t e s t  f i x t u r e  as i l l u s t r a t e d  i n  F i g u r e  21, 
fu rnace heated t o  t h e  des i red  temperature,  and q u i c k l y  quenched i n t o  an 
i c e - b r i n e  s o l u t i o n  a t  about 30°F. 
complete c r a c k i n g  i n  t h e  f i x t u r e  o r  by subsequent l i g h t  manual f l e x i n g .  
An argon atmosphere was used i n  t h e  fu rnace t o  p revent  o x i d a t i o n  o f  t h e  
r e i n f o r c i n g  w i  res  
F a i l u r e  o f  t h e  specimen was d e f i n e d  as 
To measure t h e  A T v a l u e  o f  a m a t e r i a l  by t h i s  t e s t  u s u a l l y  
r e q u i r e d  3 t o  4 specimens. The t e s t i n g  was s t a r t e d  a t  a temperature 
below t h e  f a i l u r e  p o i n t  o f  t h e  m a t e r i a l  and taken through success ive 
quenches, i n c r e a s i n g  t h e  temperature 50°F f o r  each succeeding quench 
u n t i l  t h e  specimen f a i l e d .  The nex t  specimen was s t a r t e d  a t  t h e  l a s t  
temperature below f a i l u r e  and t h e  c y c l e s  repeated u n t i l  f a i l u r e .  The 
process 'was repeated u n t i l  a specimen f a i l e d  i n  two quench c y c l e s .  






Figure 21. Close-up o f  clamping device f o r  holding t e s t  
specimens i n  thermal shock quench t e s t  apparatus. 
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2. Resu l ts  o f  Quench Tests  
A l l  cand ida te  z i r c o n i a  m a t r i x  m a t e r i a l s  were screened i n  t h e  
u n r e i n f o r c e d  c o n d i t i o n  by means o f  t h i s  quench t e s t .  For t h e  purposes 
o f  d iscuss ion ,  these m a t e r i a l s  may be c a t a g o r i z e d  as f o l l o w s :  
1 .  Commercial ly a v a i l a b l e  o f f - t h e - s h e l f  m a t e r i a l s .  
2. Custom s t a b i l i z e d  composi t ions fo rmula ted  by Z i r c o a  
employing MgO and CaO s t a b i l i z e r s  and prepared i n  
t h r e e  ranges o f  p a r t i c l e  s i z e s .  
3. Var ious s t a b i l i z e r  systems a l s o  compounded by Z i r c o a  
u s i n g  v a r i o u s  amounts and types of s t a b i l i z e r s .  
4. Various s t a b i l i z e r  systems compounded by TRW by 
employing a s i n g l e  s t e p  process combining s t a b i l i z a t i o n  
w i t h  t h e  s i n t e r i n g  o p e r a t i o n .  
Commerc ia l l y -ava i lab le  m a t e r i a l s  - The thermal shock p r o p e r t i e s  
o f  o f f - t h e - s h e l f  z i r c o n i a  m a t e r i a l s  a r e  shown i n  Tab le  12. The da ta  
show t h a t  thermal shock r e s i s t a n c e  i s  dependent on s t a b i l i z a t i o n  w i t h  
100% c u b i c  composi t ions hav ing  low A T va lues.  P a r t i a l l y - s t a b i l i z e d  
m a t e r i a l s  have a much g r e a t e r  r e s i s t a n c e  t o  thermal shock f a i l u r e  
a t t r i b u t e d  t o  t h e i r  lower  thermal e x p a n s i v i t y  compared t o  t h e  f u l l y -  
s t a b i l i z e d  m a t e r i a l .  
Custom MgO and CaO f o r m u l a t i o n s  by Z i r c o a  - Data d e r i v e d  f rom 
t h e  s e r i e s  o f  c u s t o m - s t a b i l i z e d  m a t e r i a l s  fo rmula ted  by Z i r c o a  a r e  
t a b u l a t e d  i n  Tab le  13. T h i s  s e r i e s  o f  composi t ions again shows a 
requirement f o r  a p a r t i a l l y  s t a b i l i z e d  m a t r i x  t o  achieve a maximum A T 
value.  The range o f  powder p a r t i c l e  s i z e s  have n o t  had much i n f l u e n c e  
on the  thermal shock r e s i s t a n c e  o f  t h e  s i n t e r e d  m a t e r i a l .  
Dur ing t h e  course o f  thermal shock t e s t i n g ,  a number o f  
m a t e r i a l s  were found t o  have AT va lues above 1000°F. Consequently, 
800'Fwas e s t a b l i s h e d  as a c u t - o f f  p o i n t  i n  subsequent t e s t i n g  and no 
AT va lues were e s t a b l i s h e d  f o r  m a t e r i a l s  t h a t  f a i l e d  i n  a s i n g l e  
quench c y c l e  f rom 8 0 0 ' ~ .  
Other Z i rcoa-prepared compounds - Thermal shock r e s u l t s  o f  
the  o t h e r  e i g h t  z i r c o n i a  composi t ions prepared by Z i r c o a  a r e  l i s t e d  
i n  Table 14. The b e s t  m a t e r i a l  and t h e  o n l y  one o f  f u r t h e r  i n t e r e s t  
was t h e  10% Ce02 s t a b i l i z e d  m a t e r i a l  which conta ined 28% o f  t h e  s t a b i l i z e d  
phase(tetragona1 r a t h e r  than c u b i c  f o r  Ce02-s tab i l i zed  m a t e r i a l ) .  
TRW-prepared composi t ions - The quench t e s t  r e s u l t s  o f  these 
compounds a r e  shown i n  Tab le  15. O f  these 12 composi t ions,  two o f  t h e  
Y203and two o f  the  Ce02 s t a b i l i z e d  systems showed promise. Again, 
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THERMAL SHOCK BEHAVIOR OF Z I R C O N I A  WITH VARIOUS STABILIZER SYSTEMS PREPARED BY Z IRCOI  
S t a b i l i z e r  
Compos i t i o n  % Cubic 
95 
100 
15% Mixed Rare Ear ths 87 
25% Mixed Rare Ear ths - 
20% Ce02 57 ik 
CaO M o d i f i e d  - 
YzOgModified 100 














Uns i n t e r a b l e  
1075 
< 800 
Uns i n t e r a b l  e 
< 800 
$: The s t a b i l i z e d  phase i n  t h e  CeO2 system i s  a t e t r a g o n a l  r a t h e r  
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3. S e l e c t i o n  o f  Promis ina M a t r i x  M a t e r i a l s  
Based on t h e  above thermal shock t e s t i n g ,  d e n s i t y ,  and s i n t e r -  
a b i l i t y  i n f o r m a t i o n ,  t h e  f o l l o w i n g  z i r c o n i a  m a t e r i a l s  were s e l e c t e d  f o r  
f u r t h e r  e v a l u a t i o n :  
a.  Commerc ia l l y -ava i lab le  m a t e r i a l s :  
1 .  3% MgO - Z i  rcoa 
2 .  F410 - Z i r c o a  
3. 6% T i  - Consol idated A s t r o n a u t i c s  
b. Z i r c o a ' s  s p e c i a l l y  prepared compounds: 
1 .  2.65% MgO S t a b i l i z e d ,  f i n e  t e x t u r e  
2. 2.85% MgO S t a b i l i z e d ,  med. t e x t u r e  
AT = 850°F 
AT = 1075°F 
AT = 1225°F 
AT = 1025°F 
AT = 850°F 
c .  S i n g l e  s t e p  compounds prepared a t  TRW: 
1 .  3% Y20, AT = 1275°F 
2. 5% Y20, AT = 875°F 
3. 5% Ce02 AT = 1025°F 
4. 10% CeOz AT = 1075°F 
These n i n e  m a t r i x  m a t e r i a l s  were composited w i t h  v a r i o u s  
combinat ions o f  t h e  W - 3 %  Re r e i n f o r c e m e n t  w i r e  f o r  e v a l u a t i o n  as 
composi te s t r u c t u r e s  by v a r i o u s  means i n c l u d i n g  the  more severe 
thermal shock t e s t  u s i n g  a plasma j e t  heat  source descr ibed i n  t h e  
f o l l o w i n g  s e c t i o n  o f  t h i s  r e p o r t .  
One o t h e r  s e t  o f  thermal shock quench t e s t s  was performed. 
T h i s  was t h e  t e s t i n g  o f  a composi te s t r u c t u r e  o f  F410 z i r c o n i a  
m a t r i x  r e i n f o r c e d  w i t h  v a r i o u s  amounts and s i z e s  o f  r e i n f o r c i n g  
w i r e  t o  assess these r e i n f o r c i n g  v a r i a b l e s .  The t e s t s  c o n s i s t e d  o f  
a s i n g l e  quench i n t o  i c e  b r i n e  f rom 1930°F which is about t h e  upper 
temperature l i m i t  o f  t h i s  apparatus.  The thermal shock da ta  t o g e t h e r  
w i t h  s t r e n g t h  da ta  on these composites have a l r e a d y  been d iscussed 
i n  t h e  Task 1 p a r t  o f  t h i s  r e p o r t  (see Tab le  10) and w i l l  n o t  be 
repeated here. The f a c t  t h a t  n e a r l y  a l l  o f  these composi te specimens 
s u r v i v e d  t h i s  quench, however, he lped t o  emphasize t h e  need f o r  a more 
severe thermal shock t e s t  f o r  t h e  d i s c r i m i n a t i n g  e v a l u a t i o n  o f  r e i n f o r c e d  
z i r c o n i a  s t r u c t u r e s .  
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B. Plasma J e t  Tests  
The plasma j e t  thermal shock t e s t s  were performed on a v a r i e t y  o f  
r e i n f o r c e d  composi te samples i n  o r d e r  t o  eva lua te  m a t r i x  m a t e r i a l s ,  w i r e  
re in fo rcement  v a r i a b l e s ,  and t o  d i f f e r e n t i a t e  between pressed-and-s in tered 
and hot -pressed composites. 
1. T e s t i n g  Procedure 
T h i s  t e s t ,  shown s c h e m a t i c a l l y  i n  F i g u r e  22, used a h o l l o w  c y l i n d r i c a l  
t y p e  specimen Ie5" O.D. x 1/2" I ,D. x 3/4" long heated on t h e  I . D .  by a plasma 
t o r c h .  The specimen was t h e r m a l l y  i n s u l a t e d  on t h e  t o p  and bo t tom and water-  
cooled on t h e  O.D. t o  induce a temperature g r a d i e n t  o f  approx imate ly  4500°F 
across t h e  specimen. The water-cooled j a c k e t  on t h e  specimen O,D. was f i t t e d  
so t h a t  no s i g n i f i c a n t  s t r u c t u r a l  suppor t  was g i v e n  t o  t h e  specimen, T h i s  t e s t  
arrangement was designed t o  r e s u l t  i n  a t e n s i l e  hoop s t r e s s  on t h e  O.D. o f  t h e  
specimen i n  much t h e  same way t h a t  a rocke t  nozz le  i s  t h e r m a l l y  s t r e s s e d  d u r i n g  
t h e  i n i t i a l  heat-up p o r t i o n  o f  i t s  f i r i n g  c y c l e .  
A t ime c y c l e  o f  3 minutes o f  cont inuous h e a t i n g  was used i n  these 
plasma j e t  t e s t s ,  A f t e r  each h e a t i n g  c y c l e ,  t h e  specimens were cooled t o  
room.'temperature and examined f o r  s i g n s  o f  c r a c k i n g  o r  d e t e r i o r a t i o n .  F a i l u r e  
of t h e  specimen was d e f i n e d  as t h e  fo rmat ion  o f  one o r  more macrocracks on t h e  
O.D. s u r f a c e  o r  complete f r a c t u r e  o f  t h e  specimen. Speclmens were r a t e d  by 
v i s u a l  appearance f o r  c raze  c rack ing ,  s p a l l l n g ,  and s igns  o f  m e l t i n g  as w e l l  as 
t h e  number o f  cyc les  t o  f a i l u r e .  
unless f a i  l u r e  occur red  e a r l i e r .  
A maximum o f  8 cyc les  were run on each specimen 
There were var ious  types o f  cracks noted i n  these t e s t  specimens. Craze 
c r a c k i n g  was t h e - t e r m  used t o  descr ibe  cracks i n  t h e  m a t r i x  t h a t  d i d  n o t  appear 
t o  i n v o l v e  f a i l u r e  o f  t h e  f i b e r s .  T h i s  type  o f  c r a c k i n g  does n o t  adverse ly  a f f e c t  
the  thermal shock r e s i s t a n c e  of t h e  composite a l though i t  may increase t h e  
o x i d a t i o n  r a t e  o f  t h e  r e i n f o r c i n g  f i b e r s .  Macrocracks were d e f i n e d  as l a r g e ,  
open cracks i n v o l v i n g  f a i l u r e  o f  t h e  f i b e r s  and loss o f  s t r u c t u r a l  i n t e g r i t y  o f  
the  composite. 
c y c l e  r e s u l t i n g  f rom h i g h  f i b e r  concent ra t ions  o r  poor f i b e r  m a t r i x  bonding. 
Th is  t y p e  o f  d e f e c t  c o u l d  conceivably  propagate and/or a l l o w  excess ive f i b e r  
o x i d a t i o n .  
F issures  were cracks formed d u r i n g  t h e  s i n t e r i n g  o r  h o t  p r e s s i n g  
The i n i t i a l  t e s t  was moni tored by thermocouples a t  t h e  O.D., a t  t h e  
I.D. and a t  a p o i n t  midway through t h e  specimen w a l l .  Thermocouples were 
spaced 30" a p a r t  on a r a d i a l  p l a n e  through t h e  midpo in t  o f  the-specimen. The 
specimen was an isopressed-and-vacuum-sintered composi te o f  an F410 m a t r i x  
r e i n f o r c e d  w i t h  5 v/o o f  3.5 m i l  d iameter  W-3%Re w i r e .  The heat  f l u x  f rom t h e  
plasma j e t  t o r c h  r e s u l t i n g  f rom a power i n p u t  o f  20 KW was s u f f i c i e n t l y  h i g h  t o  
cause cons iderab le  m e l t i n g  o f  t h e  I . D .  o f  t h e  specimen and des t roy  t h e  thermo- 
couple.  A maximum temperature o f  135°F was recorded a t  t h e  O.D, and t h e  mid- 
p o i n t  temperature reached a maximum o f  1600°F a f t e r  30 seconds. 
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3 C a l i b r a t i o n  Thermocouples 
(ou te r  sur face ,  i nne r  sur face ,  and 
0f- mid w a l l ) .  
, I  ng 
- 40 KW Plasma Torch 
Disc \ Test S pe c i men 
F i g u r e  22 .  Plasma J e t  Thermal Shock Evaluateon R i g  
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This  specimen, shown i n  F i g u r e  23, however, showed no 
s igns  o f  degradat ion  o r  c r a c k i n g  a t  t h e  O.D. s u r f a c e  as a r e s u l t  
o f  the  t e s t  even though t h e  temperature g r a d i e n t  across t h e  specimen 
was i n  excess o f  4700°F. The heat  unput t o  t h e  specimen was lowered 
by u s i n g  a 16KW s e t t i n g  o f  t h e  plasma gun. T h i s  power i n p u t  was 
j u s t  s u f f i c i e n t  t o  cause a s l i g h t  g l a z i n g  o f  t h e  I . D .  s u r f a c e  o f  
t h e  F410 m a t r i x  specimen. 
A second F4lO W - 3 %  Re composite specimen was then t e s t e d  fo r  
a 3-minute c y c l e  w i t h  a 16KW i n p u t  from t h e  t o r c h .  
a t  t h e  O.D.  o f  t h i s  specimen showed a gradual  r i s e  i n  temperature f rom 
36°F a t  t h e  s t a r t  o f  t h e  c y c l e  t o  105°F a t  t h e  conclus ion.  The 
temperature a t  t h e  m i d p o i n t  o f  t h e  specimen showed a gradual  increase 
f rom 36°F a t  t h e  s t a r t  t o  1450°F a t  t h e  conc lus ion  o f  t h e  t e s t .  
The thermocouple 
The thermocouple used t o  mon i to r  t h e  I.D. s u r f a c e  was 
composed o f  W-5% Re and W-26% Re wipes. 
of thermocouple w i r e s  f l a t t e n d e d  t o  I - m i l  th icknesscand i n s u l t a t e d  
from each o t h e r  by a 0.2-mi1 t h i c k n e s s  o f  sheet mica. 
of  w i r e s  and mica were swaged i n  a tan ta lum sheath u s i n g  Zr02 as t h e  
I n s u l a t o r .  The h o t  j u n c t i o n  was formed by abrad ing  t h e  t i p  thus 
b r i d g i n g  t h e  i n s u l a t i o n  and fo rming  mic roscop ic  h o t  j u n c t i o n s .  The 
thermocouple gave a maximum i n d i c a t e d  temperature o f  3000°F d u r i n g  
t h e  plasma j e t  t e s t  d e s p i t e  t h e  f a c t  t h a t  t h e  I . D .  s u r f a c e  o f  t h e  
specimen showed d e f i n i t e  s igns  o f  m e l t i n g  and thus i n d i c a t i n g  s u r f a c e  
temperatures above 4700°F. Examinat ion o f  t h e  thermocouple a t  t h e  
c o n c l u s i o n  o f  t h e  t e s t  showed t h a t  t h e  mica i n s u l a t i o n  had eroded 
o r  burned away t o  a depth o f  a t  l e a s t  1/8 inch  below t h e  sensing 
t i p  and thus  was n o t  r e p r e s e n t i n g  t h e  s u r f a c e  temperature,  There fore ,  
i t  is expected t h a t  t h e  s u r f a c e  o f  t h e  specimen d i d ,  i n  f a c t ,  a t t a i n  
about CT00"F d u r i n g  t h i s  t e s t .  
The sensing t i p  was formed 
The sandwich 
I t  was considered t h a t  these c o n d i t i o n s  r e s u l t e d  i n  t h e  most 
severe thermal shock t e s t s  a v a i l a b l e  w i t h  t h i s  method, so a plasma 
j e t  s e t t i n g  o f  16KW was used f o r  a l l  subsequent t e s t i n g .  
2. M a t r i x  M a t e r i a l  E v a l u a t i o n  Tests  
A s e r i e s  o f  12 r e i n f o r c e d  composi te specimens designed t o  
e v a l u a t e  m a t r i x  m a t e r i a l s  w e r e " f a b r i c a t e d  by i s o p r e s s i n g  and vacuum 
s i n t e r i n g .  
d iameter x 3/16 l o n g  w i r e .  None o f  these vacuum-sintered composites 
c o u l d  be broken I n  a s i n g l e  thermal shock c y c l e ,  so  It was necessary 
t o  run m u l t i p l e  3-minute cyc les .  The r e s u l t s  o f  these t e s t s  a r e  
summarized i n  Tab le  16 which a l s o  inc ludes  t h e  r e s u l t s  o f  o t h e r  
s e r i e s  o f  p lasma- je t  t e s t s  which w i l l  be d iscussed i n  subsequent 
s e c t i o n s  o f  t h i s  r e p o r t .  
These composites were a l l  r e i n f o r c e d  by 5 v/o 3.5 m i l  
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The 2.85% MgO f i n e - t e x t u r e  (F igure  24a) s u r v i v e d  8 c y c l e s  
o f  t h e  plasma j e t  t e s t  p r a c t i c a l l y  undamaged and showed t h e  h i g h e s t  
degree o f  freedom f r o m  c raze  c r a c k i n g  o f  any m a t r i x  m a t e r i a l  t e s t e d .  
The s u r f a c e  c racks  v i s i b l e  i n  t h e  photograph do n o t  extend down t h e  
O.D. and do n o t  appear t o  i n v o l v e  f i b e r  f a i l u r e .  The I . D .  s u r f a c e  
has severa l  a x i a l  c racks  t h a t  do n o t  extend t h e  l e n g t h  o f  t h e  specimen. 
No ev idence o f  m e l t i n g  o r  tendency towards s p a l l i n g  were observed. 
The specimen shown i n  F i g u r e  24b,a 6% Y293 (95% s t a b i  1 ized)  
m a t r i x  composite, a l s o  s u r v i v e d  8 c y c l e s  i n  t h e  plasma j e t  w i t h o u t  
f a i l u r e .  The specimen however, s u f f e r e d  cons iderab le  s p a l l i n g  o f  
t h e  I.D. sur face .  The v i s i b l e  c racks  runn ing  f rom t h e  1.D. t o  O.D. 
d i d  n o t  propagate a x i a l l y  a long t h e  c o l d  w a l l .  The l a r g e  f i s s u r e s  
v i s i b l e  i n  t h e  photograph were present  i n  t h e  composi te b e f o r e  
t e s t i n g ;  they  r e s u l t e d  f rom t h e  s i n t e r i n g  c y c l e .  T h i s  composite, 
w h i l e  r a t e d  h i g h  i n  thermal shock r e s i s t a n c e ,  may have ques t ionab le  
o x i d a t i o n  r e s i s t a n c e .  No evidence of  m e l t i n g  was observed. 
The 2.65% MgO m a t r i x  specimen ( F i g u r e  24c) ran  4 c y c l e s .  
The t e s t  was stopped a t  t h i s  p o i n t  because a number o f  cracks 
were opening a t  t h e  specimen O.D. i n d i c a t i n g  f i b e r  f a i l u r e .  No 
s p a l l i n g  and no tendency towards c raze  c r a c k i n g  were observed as a 
r e s u l t  o f  t h e  t e s t .  T h i s  m a t r i x  m a t e r i a l  has good o x i d a t i o n  r e s i s t a n c e  
p o t e n t i a l  and good f a b r i c a b i l i t y  w i t h  i n t e r m e d i a t e  thermal shock 
r e s i s t a n c e .  
A 3% MgO-stabi l ized m a t r i x  composi te i s  shown i n  F i g u r e  2 4 .  
T h i s  t e s t  was stopped a f t e r  4 c y c l e s  because o f  t h e  f o r m a t i o n  o f  
macrocracks on t h e  O . D .  su r face .  The f i s s u r e s  v i s i b l e  i n  t h e  photograph 
were present  i n  t h e  a s - s i n t e r e d  specimen and d i d  n o t  open up d u r i n g  t h e  
thermal shock t e s t .  No s p a l l i n g  o r  c raze  c r a c k i n g  was observed. The 
I.D. o f  t h e  specimen was glazed. 
The 3.05% MgO-stabi l ized,  f i n e - t e x t u r e  m a t r i x  composi te 
s i n t e r e d  t o  a h i g h  d e n s i t y ,  6.1 g/cc (4% p o r o s i t y ) ,  b u t  conta ined severa l  
f i s s u r e s  r a d i a t i n g  f rom t h e  I.D. towards t h e  O.D. which undoubtedly lower 
the  e l a s t i c  modulus and delay thermal shock f a i l u r e .  T h i s  composi te 
f a i l e d  d u r i n g  t h e  8 t h  c y c l e  when a c rack  i n i t i a t e d  a t  one o f  t h e  f i s s u r e s  
and propagated a long t h e  O.D. The sample s u f f e r e d  some s p a l l i n g  and had 
a s l i g h t  tendency towards c raze  c r a c k i n g  near t h e  h o t  w a l l  sur face .  
The 3% CaO-stabi l ized composi t ion,  an o f f - t h e - s h e l f  m a t r i x  
m a t e r i a l ,  s u r v i v e d  8 t e s t  c y c l e s  w i t h o u t  complete f a i l u r e .  A number 
o f  c racks  formed d u r i n g  t h e  t e s t  c y c l e s  a p p a r e n t l y  i n v o l v i n g  some f i b e r  
f a i l u r e  b u t  d i d  no tex t 'endcomple te ly  across t h e  specimen. 
was observed, b u t  some g l a z i n g  o f  t h e  I . D .  d i d  occur .  The specimen 
underwent p r o g r e s s i v e  d e t e r i o r a t i o n  d u r i n g  t h e  course o f  t h e  t e s t s  b u t  
was s t i l l  s t r u c t u r a l l y  sound. 
No m e l t i n g  
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a. 
2.85% M g O  - f i n e  t e x t u r e  m a t r i x  
5 v/o o f  3.5 m i l  d i a .  w i r e  
a f t e r  8 cyc les .  
b. 
6% Y2O 
3.5 m i  d i a .  w i r e  
a f t e r  8 cyc les .  
m a t r i x  + 5 v/o 7 
C. 
2.65% M g O  f i n e  t e x t u r e  
5 v/o 3.5 m i l  d i a .  w i r e  
a f t e r  4 cyc les .  
d. 
3% M g O  m a t r i x  5 v/o 3.5 m i l  
w i r e  a f t e r  4 cyc les .  
F igu re  24. Vacuum s i n t e r e d  z i r c o n i a  composi tes r e i n f o r c e d  w i t h  5 v/o 
o f  3.5 m i l  d iameter  W-3% Re w i r e  a f t e r  plasma j e t  thermal 
shock t e s t i n g .  
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The f i r s t  o f  two F410 m a t r i x  specimens which was 13% porous 
f a i l e d  a f t e r  t h e  6 t h  c y c l e  by t h e  f o r m a t i o n  o f  two macrocracks 180 
degrees a p a r t  runn ing  across t h e  t o p  s u r f a c e  and down t h e  l e n g t h  o f  t h e  
specimen. The specimen was broken by hand f l e x i n g  a f t e r  t h e  6 t h  c y c l e .  
No s p a l l i n g  or tendency towards c raze  c r a c k i n g  :was. e v i d e n t .  
s u r f a c e  was g lazed by t h e  plasma t o r c h  b u t  no o t h e r  s igns  o f  d e t e r i o r a t i o n  
were present .  The t e s t  was repeated w i t h  a second F410 m a t r i x  composi te 
c o n t a i n i n g  9% p o r o s i t y .  The second specimen developed a macrocrack on t h e  
O . D .  a f t e r  a s i n g l e  c y c l e  and t e s t i n g  was d iscont inued.  The second 
specimen conta ined no o t h e r  s i g n s  o f  d e t e r i o r a t i o n  such as s p a l l i n g  o r  
c raze  c r a c k i  ng. 
The I . D .  
The 4% MgO m a t r i x  composi te ran  5 c y c l e s  b e f o r e  t h e  f o r m a t i o n  o f  
macrocracks a long t h e  O.D.  The c racks  c o u l d  be opened by manual f l e x i n g  
i n d i c a t i n g  f i b e r  f a i l u r e .  
s t r a i g h t  cracks r a d i a t i n g  o u t  f rom t h e  I . D .  towards t h e  O . D .  on b o t h  ends 
i n d i c a t i n g  e i t h e r  p a r t i a l  f a i l u r e  o f  t h e  f i b e r s  o r  f a i l u r e  o f  t h e  f i b e r s .  
t o  s t o p  c r a c k  propagat ion .  S l i g h t  s p a l l i n g  and c raze  c r a c k i n g  a l s o  
occurred.  No m e l t i n g  o f  t h e  I . D .  was observed. T h i s  m a t r i x  m a t e r i a l  a l s o  
has a tendency towards t h e  f o r m a t i o n  o f  f i s s u r e s  “dur ing s i n t e r i n g .  
T h i s  m a t e r i a l  a l s o  had a tendency t o  form 
.a. 
The 2.85% MgO medium t e x t u r e  m a t r i x  m a t e r i a l  was inc luded i n  t h e  
plasma j e t  t e s t  s e r i e s  because o f  i t s  s u p e r i o r  performance i n  t h e  u n r e i n f o r c e d  
c o n d i t i o n  i n  t h e  quench t e s t  (AT=850°F). When composited w i t h  5 v/o o f  3.5 
m i l  d iameter  w i r e ,  t h e  composi te had a s i n t e r e d  p o r o s i t y  o f  16%. The un tes ted  
specimen had a number o f  smal l  c racks  as a r e s u l t  o f  poor s i n t e r a b i l i t y  o r  
i n f e r i o r  f i b e r - m a t r i x ,  bonding, 
showed no s igns  o f  d e t e r i o r a t i o n  o t h e r  than minor  c raze  c rack ing .  
The specimen was t e s t e d  f o r  8 c y c l e s  and 
The 3.5% CaO composi te was t e s t e d  f o r  4 c y c l e s  b e f o r e  a macrocrack 
developed on t h e  0.0. 
such as s p a l l i n g ,  m e l t i n g ,  o r  c raze  c r a c k i n g  as a r e s u l t  o f  t h e  t e s t s .  
The composi te showed no o t h e r  s i g n s  of  d e t e r i o r a t i o n  
The 3% Y203 composi te was 30% porous as s i n t e r e d ,  v e r y  f r i a b l e  
and s u b j e c t  t o  s p a l l i n g ,  and conta ined a l a r g e  number o f  f i s s u r e s  i n  t h e  
un tes ted  c o n d i t i o n .  
d i s  i n t e g r a t e d  e 
T e s t i n g  was stopped a f t e r  4 c y c l e s  when t h e  specimen 
On t h e  b a s i s  o f  these t e s t s ,  an o v e r a l l  e v a l u a t i o n  o f  m a t r i x  
m a t e r i a l s  was made by t h e  combined a t t r i b u t e s  of  genera l  appearance 
(be fore  and a f t e r  thermal shock t e s t i n g )  and thermal shock behavior .  By 
t h i s  e v a l u a t i o n ,  t h e  promis ing  m a t r i x  m a t e r i a l s  were narrowed t o  t h e  
f i n e - t e x t u r e d  and medium-textured 2.85% MgO-stabi l ized z i r c o n i a  and t h e  
F410 m a t e r i a l .  
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3 .  E f f e c t s  o f  Reinforcement V a r i a b l e s  
A second s e r i e s  o f  isopressed-and-vacuum-sintered composites were t e s t e d  
by t h e  plasma' jet  thermal shock t e s t  i n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t s  of  w i r e  
diameter and w i r e  volume. These specimens were a l l  f a b k i c a t e d  w i t h  t h e  F410 
m a t r i x  m a t e r i a l .  The r e s u l t s  o f  these t e s t s  a r e  inc luded i n  Tab le  16. The 
f i r s t  4 specimens i n  t h i s  s e r i e s ,  a l l  c o n t a i n i n g  10 v/o o f  w i r e  re in forcement  
s u r v i v e d  8 cyc les  i n  t h e  plasma j e t  w i t h  t h e i r  s t r u c t u r a l  i n t e g r i t y  r e l a t i v e l y  
undamaged. The specimen shown i n  F i g u r e  25a r e i n f o r c e d  w i t h  10 v/o o f  2-mi l  
d iameter w i r e ,  was v i r t u a l l y  unchanged i n  appearance as a r e s u l t  o f  t h e  8 t e s t  
cyc les  except  f o r  t h e  I . D .  s u r f a c e  where some o f  t h e  re in fo rcement  w i r e s  were 
l o s t .  The 3.5 and 5 - m i l  d iameter  w i r e  composites, F i g u r e  25b and 25c, a r e  a l s o  
r e l a t i v e l y  undamaged except  f o r  s l i g h t  s p a l l i n g  a t  t h e  1 .D .  edges. The I O - m i l  
w i r e  d iameter  composite ( F i g u r e  25d) s u f f e r e d  c o n s i d e r a b l e  s p a l l i n g  p a r t i c u l a r l y  
a t  t h e  O.D. edges b u t  was o therw ise  u n a f f e c t e d  by t h e  thermal shock t e s t  cyc les .  
I t  i s  seen, t h e r e f o r e ,  t h a t  t h e  tendency f o r  s p a l l i n g  increased as 
t h e  w i r e  d iameter  increased f rom 2 m i l s  t o  10 m i l s .  The fOrmat l6n o f  f i s s u r e s  
d u r i n g  s i n t e r i n g  was a l s o  the  most pronounced i n  t h e  10-mil w i r e  d iameter  com- 
p o s i t e  and n e g l i g i b l e  i n  t h e  smal le r  w i r e  s izes .  These f i s s u r e s ,  however, d i d  
n o t  serve  as crack propagat ion  sources i n  any o f  t h e  10 v /o composites. A l l  
110 v/o r e i n f o r c e d  composites demonstrated exce l  lent thermal shock crack re-  
s i s t a n c e  and a h i g h  degree o f  r e s i s t a n c e  t o  gene'ral degradat lan f rom t h e  
thermal, shock cyc les  .. 1 .  
The f i f t h  specimen i n  t h i s  s e r i e s  was an F410 m a t r i x ,  5 v /o  5 - m i l  
d iameter w i r e  composite. 
2 cyc les  because o f  a macrocrack formed on t h e  O.D. o f  t h e  specimen. The 
specimen showed no o t h e r  s igns  o f  d e t e r i o r a t i o n  such as s p a l l i n g  o r  c raze  
c r a c k i n g  as a r e s u l t  o f  t h e  2 t e s t  cyc les .  
The t e s t i n g  of  t h i s  composite was d i s c o n t i n u e d  a f t e r  
These da ta  show t h a t  t h e  10 v/o w i r e  composites o f f e r  b e t t e r  thermal 
shock r e s i s t a n c e  than t h e  5 v/o composites, b u t  t h a t  t h e  genera l  i n t e g r i t y  
and v i s u a l  appearance i s  degraded by t h e  g r e a t e r  w i r e  conten t  - p a r t i c u l a r l y  
w i t h  the  t h i c k e r  w i r e s .  Th is  behav io r  suggests then, t h a t  composites w i t h  
an optimum compromise o f  p r o p e r t i e s  might  be ob ta ined by t h e  use o f  i n t e r m e d i a t e  
w i r e  conten ts  o f  t h e  s m a l l e r  d iameter w i r e s .  
4. T e s t i n a  o f  ODtimized ComDosites 
Based on t h e  r e s u l t s  o f  t h e  two prev ious  s e r i e s  o f  t e s t s ,  an e f f o r t  
was made t o  combine t h e  b e s t  m a t r i x  m a t e r i a l s  w i t h  t h e  optimum combinat ion o f  
r e i  nforcement v a r i  ab 1 es e 
Three a d d i t i o n a l  composite m a t e r i a l s  were f a b r i c a t e d  by vacuum s i n t e r i n g  
fo r  these a d d i t i o n a l  t e s t s .  
f i n e - t e x t u r e  m a t r i x  m a t e r i a l  r e i n f o r c e d  w i t h  7 and 10 v/o o f  2 -mi l  d iameter  w i r e  
and an F4.0 m a t r i x  - 7 v /o 2-mi l  w i r e  composite. 
These specimens c o n s i s t e d  o f  t h e  2.85% MgO-stabi l ized 
a. - 2.0 m i l  w i r e  d i a .  b. - 3.5 m i l  w i r e  d i a .  
c. - 5.0 m i l  w i r e  d i a .  d .  - 10.0 m i l  w i r e  d i a .  
F igu re  25. lsopressed and vacuum-sintered composites r e i n f o r c e d  w i t h  10 v/o 
o f  W-3% Re w i r e  a f t e r  8 cyc les  i n  t h e  plasma j e t  thermal shock t e s t .  
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The r e s u l t s  o f  p lasma- je t  thermal shock t e s t s  o f  these m a t e r i a l s  a r e  
inc luded w i t h  t h e  prev ious  da ta  i n  Table 16. 
The 2.85% MgO-stabi l  i zed  z i r c o n i a  composi te r e i n f o r c e d  w i t h  
7 v/o o f  2-mi l  d iameter  w i r e  conta ined a few smal l  f i s s u r e s  o r  areas o f  
h i g h  f i b e r  c o n c e n t r a t i o n  i n  t h e  a s - s i n t e r e d  c o n d i t i o n .  There was no 
tendency towards c raze  c r a c k i n g  o r  s p a l l i n g .  
c y c l e s  i n  t h e  p lasma- je t  thermal shock t e s t  w i t h  no v i s i b l e  damage except  
f o r  t h e  I . D .  where r e i n f o r c i n g  f i b e r s  were l o s t  t o  a depth o f  approx imate ly  
50 m i l s .  The O.D.  con ta ined no v i s i b l e  cracks,  no c raze  c rack ing ,  and no 
s p a l l i n g .  The I . D . ,  which showed no s igns  o f  m e l t i n g  o r  g l a z i n g ,  had 2 
cracks 180 degrees a p a r t  running t h e  f u l l  l e n g t h  o f  t h e  specimen and 
a p p a r e n t l y  50 m i l s  deep. The v i s u a l  appearance o f  t h i s  composi te was 
r a t e d  e x c e l l e n t .  
The specimen s u r v i v e d  8 
The specimen f a b r i c a t e d  w i t h  t h e  same m a t r i x  m a t e r i a l  and r e i n -  
forced w i t h  10 v/o o f  2-mi l  d iameter  w i r e  conta ined more f i s s u r e s  than t h e  
7 v /o  w i r e  composite and e x h i b i t e d  a s l i g h t  tendency towards c raze  c r a c k i n g  
i n  t h e  a s - s i n t e r e d  c o n d i t i o n .  A f t e r  4 c y c l e s  i n  t h e  p lasma- je t  thermal 
shock t e s t ,  a c r a c k  i n i t i a t e d  a t  one o f  t h e  f i s s u r e s  on t h e  O.D. Because 
the c rack  had n o t  propagated comple te ly  across t h e  top  o r  bottom, t h e  
specimen was recyc led .  Since t h e r e  were no observable e f f e c t s  f rom t h e  
5 t h  c y c l e  and t h e  c r a c k  had n o t  propagated any f u r t h e r ,  t e s t i n g  was stopped 
a t  t h i s  p o i n t .  There was no a d d i t i o n a l  c raze  c rack ing ,  no s p a l l i n g ,  and 
no i n d i c a t i o n s  o f  m e l t i n g  o f  t h e  I . D .  
The a s - s i n t e r e d  F410 m a t r i x  7 v/o o f  2-mi l  w i r e  composite conta ined 
a number o f  f i s s u r e s  and h i g h  f i b e r  c o n c e n t r a t i o n  areas, comparable t o  t h e  
2.85% MgO 7 v/o w i r e  composite. 
c r a c k i n g  on t h e  0.D.surface. A f t e r  2 cyc les  i n  t h e  thermal shock t e s t ,  an 
open c r a c k  developed on t h e  O.D. and propagated across t h e  t o p  and bot tom 
and down t h e  l e n g t h  o f  t h e  I . D .  The specimen a l s o  developed a number o f  
a d d i t i o n a l  c raze  cracks on t h e  O.D. The I . D .  s u r f a c e  was glazed. No 
s p a l l i n g  was noted on t h i s  specimen. 
The specimen a l s o  inc luded some craze 
From these t e s t s ,  t h e  bes t  composite appears t o  be t h e  2.85% MgO- 
s t a b i l i z e d  m a t r i x  c o n t a i n i n g  7 v/o o f  2-mi l  d iameter  w i r e .  
of  2-mi l  w i r e  i n  the  F410 m a t r i x  does n o t  seem t o  be any b e t t e r  a r e i n -  
forcement system than 5 v/o o f  t h e  3 .5  m i l  w i r e  which was t e s t e d  p r e v i o u s l y .  
The 7 v/o 
5. Hot-Pressed Specimens 
A s e r i e s  o f  composites r e i n f o r c e d  w i t h  5 v/o o f  3.5 m i l  d iameter  
tungsten w i r e  were f a b r i c a t e d  by h o t  p r e s s i n g  f o r  e v a l u a t i o n  i n  t h e  plasma 
j e t  thermal shock t e s t s .  The m a t r i x  m a t e r i a l s  were b lends o f  m o n o c l i n i c  
z i r c o n i a  w i t h  T i ,  Y203and CeOz s t a b i l i z e r s  and were f a b r i c a t e d  by means o f  
r e a c t i v e  h o t  p r e s s i n g  cyc les .  An a d d i t i o n a l  s e r i e s  o f  composites u s i n g  t h e  
F410 m a t r i x  m a t e r i a l ,  a p r e s t a b i l  i zed  composi t ion,  were h o t  pressed u s i n g  
more convent iona l  p r e s s i n g  c y c l e s  f o r  i n c l u s i o n  On t h e  plasma j e t  thermal 
shock t e s t  program. 
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The r e s u l t s  o f  plasma j e t  thermal shock t e s t i n g  o f  hot -pressed 
composites a r e  presented i n  Tab le  17. The appearance o f  t h e  specimens 
i s  presented i n  F i g u r e  26. 
d u r i n g  t e s t i n g  i s  d e t a i l e d  below. 
A b r i e f  d e s c r i p t i o n  o f  composi te  behav io r  
The 6% T i - s t a b i l i z e d  z i r c o n i a  composi t ion had t h e  h i g h e s t  AT 
(1275°F) o f  any u n r e i n f o r c e d  m a t r i x  m a t e r i a l  t e s t e d  i n  the  thermal shock 
quench t e s t .  The h o t  pressed composite r e i n f o r c e d  w i t h  5 v/o o f  3.5 m i l  
w i r e  f a i l e d  i n  a s i n g l e  c y c l e  i n  t h e  plasma j e t  t e s t  through fo rmat ion  
o f  a l a r g e  macrocrack on t h e  c o l d  w a l l .  
c o n s i d e r a b l e  m e l t i n g  o f  t h e  m a t r i x  m a t e r i a l  t o  a depth o f  approx imate ly  
0.100 i n c h  a long t h e  e n t i r e  l e n g t h  o f  t h e  I . D .  The m e l t i n g  a p p a r e n t l y  
l e f t  t h e  r e i n f o r c i n g  w i r e s  i n t a c t .  
The specimen a l s o  underwent 
The r e a c t i o n  o f  bo th  C e 0 2 - s t a b i l i z e d  composites was s i m i l a r .  
Both specimens f a i l e d  i n  a s i n g l e  t e s t  c y c l e  by macrocrack f o r m a t i o n  
a long t h e  l e n g t h  o f  t h e  O.D.  M e l t i n g  o f  t h e  I . D .  a l s o  occur red  on b o t h  
specimens w i t h  t h e  10% Ce02- s t a b i l i z e d  compos i t ion  e x h i b i t i n g  more 
pronounced m e l t i n g .  N e i t h e r  composite showed c raze cracks o r  o t h e r  s igns  
of p r o g r e s s i v e  d e t e r i o r a t i o n .  
The 3% Y 2 0 3 - s t a b i l i z e d  composi te f a i l e d  i n  a s i n g l e  c y c l e  and 
a l s o  su f fe red  d e l a m i n a t i o n  as t h e  r e s u l t  o f  t h e  t e s t .  The p o r o s i t y  
of  t h i s  specimen was 16%. 
p o r o s i t y  was a l s o  inc luded i n  t h e  t e s t  program and f a i l e d  i n  a s i n g l e  
thermal shock c y c l e .  
A 5% Y 2 0 3 - s t a b i l i z e d  composite o f  20% 
A s e r i e s  o f  F410 m a t r i x  composites c o n t a i n i n g  v a r i o u s  degrees 
o f  p o r o s i t y  were a l s o  t e s t e d  t o  determine t h e  e f f e c t s  o f  p o r o s i t y  on h o t -  
pressed compacts and a l s o  t o  p r o v i d e  a d i r e c t  comparison between h o t -  
pressed and vacuum-s i n t e r e d  compos i tes  Of ComParabl e PoroS i t Y *  These 
composi tes were a l l  r e i n f o r c e d  w i t h  5 v/o o f  3 .5  m i l  w i r e .  Specimens 
c o n t a i n i n g  1 ,  2 and 10% p o r o s i t y  were t e s t e d .  A l l  t h r e e  o f  these h o t  
pressed F410 z i r c o n i a  composites f a i l e d  i n  one t e s t  c y c l e  through f o r m a t i o n  
of  r e l a t i v e l y  l a r g e ,  open macrocracks, An examinat ion o f  t h e  f r a c t u r e  
s u r f a c e  revealed no evidence o f  f i b e r  p u l l o u t  and i n d i c a t e d  t h a t  t e n s i l e  
f a i l u r e  o f  t h e  re in fo rcement  had occurred.  No o t h e r  s i g n s  o f  d e t e r i o r a t i o n  
were observed. 
A hot -pressed composi te o f  Z y t t r i t E :  m a t r i x  r e i n f o r c e d  w i t h  5 v /o  
of  3.5 m i l  w i r e  was inc luded i n  t h e  t e s t .  Z y t t r i t e  i s  a 10% Y2O3 f u l l y -  
s t a b i l i z e d  z i r c o n i a  compos i t ion  prepared by decomposi t ion o f  t h e  a l k o x i d e  
r e s u l t i n g  i n  an u l t r a - h i g h - p u r i t y ,  u l t r a - f i n e - p a r t i c l e  z i r c o n i a .  The 
composi te was pressed a t  2800°F f o r  10 minutes a t  8000 p s i  and was 16% 
porous as t e s t e d .  The specimen s u r v i v e d  8 c y c l e s  i n  t h e  plasma j e t  t e s t  
w i t h o u t  f a i l u r e .  The specimen had, however, s u f f e r e d  s e v e r e l y  f rom craze 
c r a c k i n g .  T h i s  c r a z e  c r a c k i n g  and r e s u l t i n g  l a c k  o f  good v i s u a l  appearance 
prevented t h i s  m a t e r i a l  f rom b e i n g  considered f o r  f u r t h e r  i n c l u s i o n  i n  t h e  
program. The p r i c e  o f  Z y t t r i t e ,  which i s  c u r r e n t l y  over  $500/ lb ,  i s  an 
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a. 6% T i  M a t r i x  b. 5% Ce02 M a t r i x  
d. 3% Y203 M a t r i x  
F igu re  26. Hot-pressed z i r c o n i a  composites r e i n f o r c e d  w i t h  5 v/o 
o f  3.5 m i l  d iameter  W-3% Re w i r e  a f t e r  a s i n g l e  c y c l e  
plasma j e t  thermal shock t e s t .  
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A l l  o f  these hot-pressed composites e x h i b i t e d  some shortcoming, 
so h o t  p ress ing  was e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n  i n  t h i s  program. 
based on these thermal shock t e s t s .  
6. S e l e c t i o n  o f  Composites fo r  Remainder o f  Program 
Based on these plasma-jet  thermal shock t e s t s ,  s u f f i c i e n t  
i n f o r m a t i o n  was a v a i l a b l e  t o  pe rm i t  a cho ice  o f  composite m a t e r i a l s  
f o r  f u r t h e r  e v a l u a t i o n  i n  t h e  remainder o f  t h e  program.. Based on t h e  
thermal shock r e s u l t s  summarized i n  Table 16 combined w i t h  da ta  f rom 
Task 1 o f  t h e  program, t h e  f o l l o w i n g  th ree  m a t e r i a l s  were chosen f o r  
f u r t h e r  s tudy :  
I d e n t i t y  Code Z i r c o n i a  Reinforcement 
Des ignat ion  M a t r i x  Type (W-3%Re Wire) Reasons f o r  Choice 
Type A F 4 l O  5 v /o  3.5 m i l  x Good Thermal shock 
3/16" long  Best o v e r a l l  v i s u a l  
appearance e Good 
base f o r  comparison 
o f  o t h e r  da ta  
2.85 MgO s t a b i l i z e d  5 v/o 3.5 m i l  x E x c e l l e n t  thermal 
E x c e l l e n t  o v e r a l l  
Medium Texture  31'1 6" long shock 
v i s u a l  appearance 
2.85 MgO s t a b i l i z e d  7 v/o 2.0 m i l  x E x c e l l e n t  thermal 
E x c e l l e n t  o v e r a l l  
v i s u a l  apperance 
F ine  Tex ture  1/8" long shock 
Specimens o f  these t h r e e  composite m a t e r i a l  composi t ions,  
f a b r i c a t e d  i n  each case by t h e  isopress-and-vacuum-sinter approach, 
were eva lua ted  i n  subsequent p a r t s  o f  the  program. Th is  e v a l u a t i o n  
inc luded f u r t h e r  thermal shock t e s t s  by an e l e c t r o n  beam heated apparatus, 
thermal and mechanical p r o p e r t y  t e s t s  i n  Task 3 o f  t h e  program, and 
o x i d a t i o n  t e s t s  i n  Task 4. Th i s  b a t t e r y  o f  t e s t s  then a l lowed t h e  
s e l e c t i o n  o f  the  bes t  o f  t h e s e ' m a t e r i a l s ' f o r  fabricat!on!, '  in  Task 5,' o f , a  
t h r o a t  i n i e r t ,  f o r  t e s t i n g .  
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C. E l e c t r o n  Beam Tests  
For t h e  composite m a t e r i a l  t o  be used f o r  f i n a l  t h r o a t  i n s e r t  
f a b r i c a t i o n  i n  t h i s  program, i t  was d e s i r e d  t o  per fo rm a more complete 
s tudy  o f  i t s  thermal shock behav io r .  For these t e s t s ,  a thermal s t r e s s  t e s t  
apparatus a t  TRW Systems, Redondo Beach, C a l i f o r n i a  was used. T h i s  apparatus,whic t  
uses an e l e c t r o n  beam h e a t i n g  source, p rov ided a more q u a n t i t a t i v e  e v a l u a t i o n  
o f  thermal shock behav io r  because o f  t h e  a b i l i t y  t o  measure d i r e c t l y  t h e  h e a t  
f l u x  t o  t h e  specimen and a l s o  m o n i t o r  temperature and s t r a i n s  exper ienced b y  
t h e  specimen. 
Because o f  t h e  t ime and c o s t  i n v o l v e d  i n  these t e s t s ,  i t  was 
dec ided t o  app ly  t h i s  technique p r i m a r i l y  t o  t h e  two most p romis ing  composites. 
By t h e  t i m e  these t e s t s  were t o  be implemented, r e s u l t s  f rom Tasks 3 and 4 
( p a r t i c u l a r l y  t h e  r o c k e t  exhaust o x i d a t i o n  t e s t s  i n  Task 4) i n d i c a t e d  t h a t  
t h e  Type C and t h e  Type A m a t e r i a l s  ( i n  t h a t  o r d e r ) ,  as des ignated above, showed 
t h e  b e s t  composite p r o p e r t i e s .  There fore ,  t h e  thermal shock t e s t  e f f o r t  was 
concent ra ted  on these t w o  composites w i t h  the  a p p r o p r i a t e  p r i o r i t y  g i v e n  t o  
each. Type B specimens were a l s o  prepared b u t  were used m a i n l y  f o r  t r i a l  runs 
o f  t h e  apparatus.  
1 .  Tes t  D e s c r i p t i o n  
The e l e c t r o n  beam h e a t i n g  system used as t h e  heat  source i s  r a t e d  
a t  75KW and can de 
can b e  au tomat ica l  
thermal t r a n s i e n t .  
I - l / 2 "  O.D. x 1/2" 
shown i n  F i g u r e  27 
Because d 
i v e r  heat  f l u x e s  i n  excess o f  10,000 BTU/ft2-second. I t  
y c o n t r o l l e d  t o  g i v e  cons tan t  heat  f l u x e s  o r  a p a r t i c u l a r  
The t e s t  employs a c y l i n d r i c a l  t ype  specimen 1" I . D .  x 
h i g h .  A schematic view o f  t h e  specimen and e l e c t r o n  gun a r e  
r e c t  e l e c t r o n  beam h e a t i n g  r e q u i r e s  t h a t  t h e  specimen be 
an e l e c t r i c a l  conductor ,  d u p l i c a t e  specimens o f  each o f  t h e  3 composi te m a t e r i a l s .  
were molybdenum coated on t h e  I . D .  s u r f a c e  by vapor d e p o s i t i o n .  A tungsten 
c o a t i n g  was a p p l i e d  t o  t h e  ends o f  t h e  specimen by plasma s p r a y i n g  f o r  a d d i t i o n a l  
c o n d u c t i v i t y .  
2. T e s t i n g  and Resu l ts  
The thermal shock a n a l y s i s  o f  t h e  composite m a t e r i a l s  was performed 
by TRW Systems. 
t h i s  m a t e r i a l  was t h e  l e a s t  p romis ing  o f  t h e  t h r e e  m a t e r i a l s  b e i n g  t e s t e d  
and a complete a n a l y s i s  o f  t h e  Type B m a t e r i a l  was n o t  performed. The t e s t i n g  
and r e s u l t s  o f  t h e  Type A and C m a t e r i a l  were as f o l l o w s :  
P r e l i m i n a r y  t e s t i n g  o f  t h e  Type B specimens i n d i c a t e d  t h a t  
Type C m a t e r i a l  - Two thermocouples were spot  welded t o  t h e  t o p  
s u r f a c e  o f  t h e  sample a t  33 and a t  235 m i l s  from t h e  i n s i d e  s u r f a c e .  The 
sample was baked o u t  a t  1850OF f o r  one hour  and cooled t o  room temperature 
i n  he l ium.  The chamber was opened and t h e  extensometer was i n s t a l l e d .  The 
sample was aga in  baked o u t  a t  185OOF f o r  5 minutes and l e t  coo l  t o  room 
temperature i n  a vacuum. 
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Run 1 - The power supply was s e t  f o r  a maximum ou tpu t  power o f  
60KW. The sample rece ived a peak power o f  20KW which caused 
m e l t i n g  o f  t h e  i n s i d e  su r face  o f  t he  sample and produced a rc ing .  
The sample was run fo r  about th ree  seconds under t h i s  c o n d i t i o n .  
The maximum temperature reached a t  t he  i n s i d e  thermocouple a t  
t h r e e  seconds was 2000°F. The o u t s i d e  thermocouple a t  t h r e e  
seconds reached a t  temperature o f  50O0F. The o u t s i d e  diameter 
o f  t he  samplk increased about 8 m i l s  a t  3 seconds. The sample 
was then a l lowed t o  coo l  t o  room temperature. 
Run 2 - The power supp ly  was s e t  f o r  a maximum ou tpu t  power of 
28KW. The sample rece ived a peak power o f  4KW which reduced 
t h e  v i o l e n t  m e l t i n g  o f  t he  i n s i d e  surface o f  t h e  sample. Th is  
t e s t  was run f o r  32 seconds. The i n s i d e  thermocouple reached 
a temperature o f  285OOF; t h e  o u t s i d e  thermocouple 1850°F. The 
maximum change I n  diameter increased t o  14.5 m i l s  a t  32 seconds. 
Run 3 - With t h e  same power supply s e t t i n g  as Run 2, t h e  peak 
power t o  the  sample was 6 KW. The t o t a l  run t ime  was 20 seconds. 
The maximum i n s i d e  thermocouple temperature was 2550°F; the  ou t -  
s i d e  thermocouple temperature reached 1250°F. The maximum increase 
i n  diameter was 14 m i l s .  
A second sample o f  t h i s  m a t e r i a l  was instrumented w i t h  t h r e e  
thermocouples l oac ted  a t  80, 117, and 195 m i l s  from t h e  i n s i d e  su r face  of '  
t he  specimen. With a power supp ly  s e t t i n g  o f  28KW, the  sample.receIved a 
peak power i n p u t  o f  5KW. 
dimensional changes f o r  a 40-second d u r a t i o n  t e s t  under these c o n d i t i o n s  a re  
shown i n  F igu re  28. The appearance o f  t h i s  specimen a f t e r  t e s t i n g  i s  shown 
i n  F igu re  29a. I t  is ev iden t  t h a t  some m e l t i n g  o f  t he  i n s i d e  su r face  took  
p lace  i n d i c a t i n g  t h a t  a temperature i n  excess o f  470OOF a t  t h i s  su r face  was 
a t t a i n e d  d u r i n g  t h e  t e s t .  
The r e s u l t a n t  temperature g rad ien ts  and sample 
Type A m a t e r i a l s  - Samples o f  t h i s  m a t e r i a l  were run u s i n g  t h e  same 
3-thermocouple i ns t rumen ta t i on  and instrument power s e t t i n g s  as t h e  second 
sample o f  t he  Type C m a t e r i a l .  The power t o  the  sample and t h e  r e s u l t a n t  
temperatures and dimensional changes i n  t h e  specimen d u r i n g  an 18-second 
d u r a t i o n  run  a r e  p l o t t e d  as a f u n c t i o n  o f  t ime  i h  F i g u r e  30. An a d d i t i o n a l  
run w i t h  t h i s  specimen was c a r r i e d  o u t  f o r  40 seconds d u r i n g  which the  power 
i n p u t  o f  8KW was d e l i v e r e d  t o  the  specimen- 
shown I n  F i g u r e  29b. Again, t h e  i n s i d e  su r face  o f  t he  specimen shows evidence 
o f  s u r f a c e  me l t i ng ,  thereby  i n d i c a t i n g  t h e  a t ta inment  o f  su r face  temperatures 
i n  the  4 7 O O O F  range. 
The specimen a f t e r  t e s t i n g  i s  
3. I n t e r p r e t a t i o n  o f  Tes t  Resu l ts  
A l l  o f  t h e  composite specimens t e s t e d  i n  t h e  e l e c t r o n  beam thermal 
shock t e s t s  su rv i ved  t h e  thermal environments imposed by a 4 t o  8 k i l o w a t t  
hea t  i n p u t  t o  the  specimen. Some o f  these specimens were t e s t e d  f o r  t imes 
up t o  40 seconds. 
f l u x  u n i t s  by m u l t i p l y i n g  t h e  power i n  k i l o w a t t s  by 80. 
I n  no case d i d  a specimen f a i l  by complete f r a c t u r e .  
2 The power i n p u t  can be  converted approximately t o  B T U / f t  -sec heat 
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a. Type C M a t e r i a l  Specimen 
2.85 MgO Z i r c o n i a  M a t r i x  
+ ~ V / O  of  2.0 m i l  W-3%Re 
Wire. 
b. Type A M a t e r i a l  Specimen 
F410 M a t r i x  + 5v/o o f  3.5 
m i  1 W-3%Re Wire. 
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Therefore, some specimens, which reached a peak power input of 8 ,KW, 
incurred a heat flux of about 640 BTU/ft2-sec. 
this heat flux caused severe melting on the inside surface of the 
specimen. 
was the maximum that could be maintained for more than a few seconds, 
These lower-power, sustained tests probably resulted in less melting and, 
therefore, probably greater transfer of hoop stress to the O.D. of the 
specimen. In this regard, they were probably the most severe tests from 
a thermal stress cracking standpoint. 
As noted above, however, 
A heat input to the specimen of about 5KW (400 BTU/ft2-sec) 
The appearance of the specimens after these tests, as illustrated 
in Figure 28, indicate that the Type C composite, which is  reinforced 
with 7 v/o of 2-mil diameter wires, has less tendency to form large, 
open cracks than the Type A composite, which contains 5 v/o of 3 . 5  mil 
wire. The Type C material, therefore, wQ,u.ld be expected to perform 
better than the Type A material in a nozzle subjected to multiple 
firing cycles because of the better protection of the reinforcing fibers 
from oxidation. 
In addition to this qualitative interpretation of the data, 
it ,waS 
shock behavior of these composites. The electron beam test has been 
normally used to rate materials by measuring the heat flux that will 
cause failure of the specimen. An alternate rating used has been the 
time to failure at a fixed heat flux. Since none of these zirconia 
specimens could be broken by the maximum applicable heat flux, neither 
of these rating criteria can be used in a quantitative manner. These 
reinforced zirconia composite form a microcracked matrix which is held 
together by the reinforcing fibers. This stress relief mechanism allows 
a type of ductile behavior in the composite and prevents complete 
fracture of the specimens. 
desirable to make a more quantitative analysis of the thermal 
The best evaluation of these composites can therefore, be made 
by comparing their behavior during this test with that of other types 
of candidate rocket nozzle materials that have been subjected to this 
test. A series of carbide-graphite materials had been tested in this 
apparatus and were rated on the basis of the power input versus time to 
failure. 
The dashed line in this plot represents a combined power-time condition 
beyond which (iaee either increased power O r  time) the composite carbides 
fail in thermal shock. Included for comparison in this plot are points 
representing the test parameters of the various tests of the zirconia 
composites. 
conditions of the zirconia composites far exceeded those of the carbide 
composites, and that none of these zirconia composites were completely 
fractured by these tests. 
The data from these carbide material are plotted in Figure 31% 
It i s  significant to note that the severity of test 
In summary, the electron beam tests have demonstrated that the 
zirconia composite materials are not subject to catastrophic failure from 
severe thermal shock environments. This of course, i s  l’n agreement with the 
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This test also indicated that the Type C composite (the 2.85% MgO stabilized 
zirconia reinforced with 7 v/o of 2-mil wire) may be the best composite for 
use in subsequent fabrication of throat inserts for test firing evaluation. 
A comment i s  in order concerning the applicability of the electron 
beam thermal shock test for this type of composite material. In general, the 
technique seems to be a good one when, as in these tests, the specimens are 
given a conductive coating to aid in the electron current flow. The ability 
to quantitatively measure the actual heat flux into the specimen is an ad- 
vantage. However, because of the limited scope of tests performed on this 
program, these advantages could not be fully exploited. The information of 
meaning to this program was mainly that of confirming a choice of material 
already evident by prior tests. 
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TASK 3- THERMAL AND MECHANICAL PROPERTIES 
The aim o f  t h i s  p a r t  o f  t h e  program was t o  determine those 
thermal and mechanical p r o p e r t i e s  o f  t h e  r e i n f o r c e d  ox ide  composi tes 
p e r t i n e n t  t o  the design and a n a l y s i s  o f  nozz le  c o n f i g u r a t i o n s .  The f i r s t  
p r o p e r t y  o f  i n t e r e s t  was the  bond s t r e n g t h  between the m a t r i x  and r e i n -  
f o r c i n g  f i b e r ;  t h i s  would determine t h e  optimum f i b e r  aspect r a t i o  f o r  use 
i n  t h e  composite development phase o f  the  program. Subsequent work i n  t h i s  
task  cons is ted  o f  measuring t h e  p e r t i n e n t  p r o p e r t i e s  o f  t h e  t h r e e  m a t e r i a l s  
(Type A, Type B, and Type C;k) i d e n t i f i e d  as the  most p romis ing  a t  t h i s  
p o i n t  i n  t h e  program, The p r o p e r t i e s  t e s t e d  inc luded:  t e n s i l e  s t r e n g t h ,  
compressive s t r e n g t h ,  e l a s t i c  modulus, thermal c o n d u c t i v i t y ,  and thermal 
expansion. I n  each case, t h e  p r o p e r t i e s  were determined as a f u n c t i o n  o f  
temperature i n s o f a r  as a v a i l a b l e  exper imenta l  techniques al lowed. T h i s  
i n f o r m a t i o n  was then usefu l  i n  t h e  s e l e c t i o n  o f  t h e  m a t e r i a l  f o r  t e s t - n o z z l e  
f a b r i c a t i o n  and i n  t h e  design a n a l y s i s  o f  t h e  nozzles.  
A. F i b e r - M a t r i x  Bond Tes t  
I t  was d e s i r e d  t o  know the  i n t e r f a c e  bond s t r e n g t h  between t h e  m a t r i x  
and t h e  r e i n f o r c i n g  f i b e r .  Th is  p r o p e r t y  i s  an impor tan t  f a c t o r  i n  de te rm in ing  
t h e  optimum re in fo rcement  aspect r a t i o .  Th i s  bond s t r e n g t h  va lue  m u l t i p l i e d  
by t h e  s u r f a c e  area o f  t h e  f i b e r  shou ld  be a t  l e a s t  equal t o  t h e  t e n s i l e  s t r e n g t h  
o f  t he  f i b e r .  I f  i t  i s  no t ,  the f u l l  s t r e n g t h  o f  t h e  f i b e r  can never be u t i l i z e d  
because t h e  i n t e r f a c e  bond w i  1 I 1 i m i  t the t r a n s f e r  o f  s t r e s s  t o  the  f i b e r .  The 
leng th  o f  f i b e r  which prov ides  s u f f i c i e n t  s u r f a c e  area f o r  these s t r e n g t h s  t o  
be equal i s  termed t h e  c r i t i c a l  l eng th .  I f  t h e  f i b e r  l eng th  i s  many t imes longer  
than t h i s  c r i t i c a l  l eng th ,  t he  composite w i l l  p robab ly  n o t  be  as e f f i c i e n t  a$ i t  
would be i f  a g r e a t e r  number o f  s h o r t e r  f i b e r s  were more homogeneously 
d i s t r i b u t e d  throughout t h e  m a t r i x .  By de termin ing  t h i s  bond s t r e n g t h ,  a guide- 
l i n e  f o r  t h e  des i red  l e n g t h  o f  any diameter r e i n f o r c i n g  w i r e  can be  ob ta ined.  
I t  was planned t o  determine t h i s  bond s t r e n g t h  va lue  by a f i b e r  
p u l l - o u t  t e s t .  When t h i s  approach proved i n a p p r o p r i a t e  because o f  exper imenta l  
d i f f i c u l t i e s ,  a more e m p i r i c a l  approach t o  f i b e r  aspect r a t l o  was employed by 
measuring bend s t reng ths  o f  samples prepared w i t h  c o n t r o l l e d  v a r i a t i o n s  o f  f i b e r  
aspect r a t  i 0. 
fc The compos i t ion  o f  these composites a re  as f o l l o w s :  
Type A An F480 m a t r i x  r e i n f o r c e d  w i t h  5 v/b o f  3.5 m i l  d iameter x 
3/16 inch long W-3%Re w i  re .  
Type B A 2.85% MgO-stabl l  i z e d  medium-texture m a t r i x  r e i n f o r c e d  w i t h  
5 v/o o f  3.5 m i l  d iameter x 3/16 inch long W-3%Re w i r e .  
Type C A 2.85% MgO-s tab i l i zed  f i n e - t e x t u r e  m a t r i x  r e i n f o r c e d  w i t h  
7 v /o  o f  2-mi l  d iameter x 1/8 inch long W-3%Re w i r e .  
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1 .  F i b e r  Pu l l -Out  T e s t i n a  ADDroach 
T h i s  t e s t  t y p i c a l l y  i n v o l v e s  t h e  use o f  a button-head o f  
m a t r i x  m a t e r i a l  w i t h  a f i b e r  o f  t h e  re in fo rcement  embedded t o  a known 
depth.  The f o r c e  needed t o  e x t r a c t  t h e  w i r e  from t h e  m a t r i x  m a t e r i a l  
(determined by a t e n s i l e  t e s t )  d i v i d e d  by t h e  i n t e r f a c e  area d e f i n e s  t h e  
bond s t r e n g t h .  I f  t h e  f i b e r  should f a i l  i n  t e n s i o n  r a t h e r  than be 
e x t r a c t e d  f rom t h e  m a t r i x ,  then a l t e r n a t e  specimens must be prepared w i t h  
l e s s  i n t e r f a c e  area.  
For t h i s  program, a b u t t o n  head o f  F410 z i r c o n i a  was used w i t h  
W-3%Re w i r e s  embedded i n t o  i t .  A vacuum-s inter ing c y c l e  o f  4000°F f o r  
4 hours was used t o  s i n t e r  t h e  z i r c o n i a  and e f f e c t  t h e  f i b e r  m a t r i x  bond. 
Wire e m b r i t t l e m e n t  occur red  d u r i n g  t h i s  s i n t e r i n g  c y c l e  t o  such a degree 
t h a t  t h e  r e s u l t i n g  specimens were n o t  s u i t a b l e  f o r  t e n s i l e  t e s t i n g .  The 
w i r e s  o f  these t e s t  specimens were e m b r i t t l e d  d u r i n g  s i n t e r i n g  t o  a g r e a t e r  
degree than s i m i l a r  w i r e s  t r e a t e d  by t h e  same temperature c y c l e  w i t h o u t  t h e  
presence o f  z i r c o n i a .  Apparent ly  a t  t h e  vacuum s i n t e r i n g  temperature,  a 
s l i g h t  p a r t i a l  p ressure  o f  oxygen i s  generated by t h e  z i r c o n i a  which r e s u l t s  
I n  w i r e  embr i t t lement .  As a r e s u l t ,  no q u a n t i t a t i v e  measurement o f  i n t e r -  
face bond s t r e n g t h  c o u l d  be o b t a i n e d  f o r  these composites by t h i s  technique.  
2. Bend Tests  
Because o f  t h e  problems encountered i n  f a b r i c a t i n g  button-head 
specimens f o r  a f i b e r  p u l l - o u t  t e s t ,  i t  was decided t o  determine optimum 
r e i n f o r c i n g  w i r e  aspect  r a t i o s  by a more e m p i r i c a l  t y p e  o f  t e s t .  T h i s  
t e s t  c o n s i s t e d  o f  bend t e s t i n g  composi te specimens c o n t a i n i n g  t h e  same 
volume f r a c t i o n  o f  re in fo rcement  w i r e s  o f  v a r i o u s  aspect  r a t i o s .  A range 
o f  w i r e  d iameters was inc luded i n  t h i s  t e s t .  I t  was a l s o  considered 
t h a t  t h e  most r e a l i s t i c  e v a l u a t i o n  o f  f i b e r - m a t r i x  bond s t r e n g t h  would be 
t o  t e s t  composites a f t e r  they were sub jec ted  t o  a ' t h e r m a l ' s t i o c k  t rea tment  
t o  form a microcracked m a t r i x .  T h i s  would r e q u i r e  t h a t  t h e  f i b e r s  c a r r y  
t h e  b u l k  o f  t h e  load through t h e  m a t r i x - f i b e r  i n t e r f a c e  l o a d , t r a n s f e r  
mechanism, Specimens were t e s t e d ,  t h e r e f o r e ,  i n  bo th  t h e  a s - s i n t e r e d  and 
I n  t h e  thermal-shocked c o n d i t i o n .  
An F410 m a t r i x  m a t e r i a l  r e i n f o r c e d  w i t h  5 v /o  o f  W-3% Re w i r e  was 
used f o r  these t e s t s .  The v a r i o u s  w i r e  d iameter  and aspect r a t i o s  inc luded 
i n  t h i s  s tudy  were as f o l l o w s :  
F i b e r  Diameter 
Wire Aspect 














The specimens f o r  these t e s t s  were f a b r i c a t e d  by the  s tandard  
i s o p r e s s i n g  and vacuum-sinter ing t rea tment  (30,000 p s i  p ress ing  pressure ,  
and a 4000°F 4 hour s i n t e r i n g  c y c l e ) .  The thermal shock t rea tment  used 
cons is ted  of a s i n g l e  quench f rom 1930°F i n t o  an i c e  b r i n e  s o l u t i o n ;  
t h i s  was adequately severe t o  accomplish t h e  purpose o f  t h i s  t rea tment .  
The specimens were then machined and t e s t e d  by a 3 -po in t  bend t e s t ,  
The bend t e s t  r e s u l t s  o f  b o t h  t h e  a s - s i n t e r e d  and t h e  t h e r m a l l y  
shocked composite m a t e r i a l s  a r e  shown i n  Tab le  18. 
t h e r m a l l y  shocked composites a r e  p l o t t e d  as a f u n c t i o n  o f  aspect r a t i o  
i n  F i g u r e  32. These da ta  show t h a t  the h i g h e r  values o f  f i b e r  aspect 
r a t i o  r e s u l t e d  g e n e r a l l y  i n  t h e  h i g h e r  s t r e n g t h  composites and i n  the  
bes t  s t r e n g t h  r e t e n t i o n  i n  the  t h e r m a l l y  shocked samples. I n  f a c t ,  these 
da ta  m igh t  i n d i c a t e  t h e  d e s i r a b i l i t y  o f  even h i g h e r  f i b e r  aspect r a t i o s .  
However, longer  f i b e r  lengths cannot be u n i f o r m l y  d i s t r i b u t e d  throughout 
t h e  m a t r i x  m a t e r i a l  by p resent  h a n d l i n g  and m i x i n g  techniques. 
Bend s t r e n g t h  o f  t h e  
The tendency o f  chopped w i r e s  t o  mat o r  fo rm f i b e r  b a l l s  increases 
as the  aspect r a t i o  increases. Wires w i t h  an aspect r a t i o  o f  37 o r  less 
a c t  I n  many ways as a powder m a t e r i a l  and may.be mixed and handled by the 
same techniques used i n  h a n d l i n g  coarse powders. F ibe rs  w i t h  aspect r a t i o s  
o f  about 60 become b o r d e r l i n e  i n  t h i s  respect and r e q u i r e  c a r e f u l  b l e n d i n g  
and m i x i n g  t o  i n s u r e  aga ins t  t he  presence of f i b e r  b a l l s .  Z i r c o n i a  powder 
blends w i t h  such f i b e r s  a re  n o t  f r e e  f l ow ing ,  and must t h e r e f o r e  be loaded 
i n t o  molds w i t h  utmost care t o  i n s u r e  homogeneous d i s t r i b u t i o n  and random 
o r i e n t a t i o n  o f  t he  f i b e r s .  These problems become unmanageable when w i r e  
aspect r a t i o s  much g r e a t e r  than 60 a r e  used unless comple te ly  d i f f e r e n t  
h a n d l i n g  techniques would be developed. 
On the  b a s i s  o f  these f a c t o r s ,  an aspect r a t i o  i n  t h e  range o f  
60 appeared t o  o f f e r  t he  optimum c o n d i t i o n s  o f  s t r e n g t h  r e t e n t i o n  and 
ease o f  f a b r i c a t i o n ;  t h e r e f o r e ,  f i b e r  aspect r a t i o s  I n  t h i s  range were 
used d u r i n g  the  ba lance o f  t h i s  program. A c t u a l l y ,  i n  orde r  t o  work 
w i t h  lengths o f  convenient u n i t s ,  t h e  3.5 m i l  d iameter w i r e  was purchased 
t o  a 3/16-inch l eng th  f o r  an aspect r a t i o  o f  54; t h e  1/8" l ong  2-mi l  w i r e  
and p r o p o r t i o n a t e  lengths o f  t h e  5,  10, and 20-mi l  w i r e  had an a c t u a l  
aspect r a t  i o o f  63 
B. T e n s i l e  Tes ts  
T e n s i l e  t e s t s  were conducted on the  Type A ,  Type B and Type C 
composite m a t e r i a l s  developed i n  t h i s  program. 
These t e s t s  were conducted on an l n s t r o n  t e s t  s tand u s i n g  a c y l i n d r i c a l  
specimen o f  t h e  geometry shown i n  F i g u r e  33. The t e s t  s tand was equipped 
w i t h  a r e s i s t a n c e  heated vacuum furnace capable o f  o p e r a t i n g  a t  40OOOF w i t h  
a vacuum pressure  o f  10-5 t o r r  o r  less.  Temperatures were measured w i t h  
an o p t i c a l  pyrometer-. A cross-head speed o f  0.020 inches per minu te  was 
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Figure 32. Bend strength o f  re in forced  z i r c o n i a  composites as a funct ion  
of reinforcement aspect r a t i o .  Specimens a r e  vacuum-sintered 
composites o f  F410 z i r c o n i a  re in forced  wi th  5v/o W-3%Re w i  r e  
a f t e r  thermal shock treatment by a quench from 193OOF. 
rt .005 
Figure  33 .  T e n s i l e  Specimen used f o r  Reinforced Z i r c o n i a  M a t e r i a l  
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U l t i m a t e  t e n s i l e  s t r e n g t h s  o f  the 3 composi te m a t e r i a l s  a r e  
t a b u l a t e d  as f o l  lows: 




U l t i m a t e  T e n s i l e  S t rength  - p s i  
R.T. 200OOF 300OoF 4006 P F 
Type A specimens t e s t e d  a t  3000 and 400OOF and a l l  o f  t h e  Type B 
spec mens f r a c t u r e d  a t  loads t o o  smal l  t o  a l l o w  a v a l i d  measurement t o  be 
ob ta  ned. 
smal load. The 200OoF s t r e n g t h s  were h ' igher '  than t h e  room-temperature 
s t r e n g t h s  f o r  bo th  t h e  Type A and Type C m a t e r i a l .  T h i s  behav io r  i s  
p robab ly  due t o  t h e  decreased b r i t t l e n e s s  o f  t h e  z i r c o n i a  normal ly  assoc ia ted  
w i t h  h i g h e r  temperatures which would decrease t h e  chance fo r  premature 
b r i t t l e  f a i l u r e  o f  t h e  specimen. 
The Type C m a t e r i a l  a t  400OOF a l s o  f r a c t u r e d  a t  an unmeasurably 
A t y p i c a l  l o a d - d e f l e c t i o n  curve  of  t h e  Type C m a t e r i a l  is  presented 
i n  F i g u r e  34. 
subsequent t r a n s f e r  o f  t h e  load t o  t h e  more d u c t i l e  r e i n f o r c i n g  w i r e s  which 
prevent  complete f a i l u r e  of  t h e  composite m a t e r i a l .  
of 0.37 x l o 6  p s i  was d e r i v e d  f rom t h e  l o a d - d e f l e c t i o n  curves o f  t h e  Type C 
m a t e r i a l .  The low modulus i s  a t t r i b u t e d  t o  t h e  presence o f  mic rocracks  which 
may be s u f f i c i e n t l y  l a r g e  i n  r e l a t i o n  t o  t h e  smal l  specimen c r o s s - s e c t i o n  t o  
account f o r  t h i s  behav io r .  
The c u r v e  i n d i c a t e s  b r i t t l e  f a i l u r e  o f  t h e  m a t r i x  w i t h  a 
A modulus o f  e l a s t i c i t y  
C .  Compressive St rength  Tests  
Compressive s t r e n g t h  measurements o f  t h e  3 composite m a t e r i a l s  
were c a r r i e d  o u t  on an l n s t r o n  t e s t  s tand u s i n g  a cross-head speed o f  0.02 
inches p e r  minute.  The specimen geometry was a 0.250 i n c h  d iameter  x 0.500 
inch  long c y l i n d e r .  Tests were conducted a t  room temperature and a t  a nominal 
220OOF temperature i n  an argon atmosphere. 
s c h e m a t i c a l l y  i n  F i g u r e  35. 
The t e s t  f i x t u r e  i s  shown 
Compressive s t r e n g t h  da ta  a r e  t a b u l a t e d  i n  Table 19. As i n  t h e  case o f  
t h e  t e n s i l e  s t r e n g t h ,  t h e  Type A and Type C composite m a t e r i a l s  demonstrate a 
somewhat h i g h e r  compressive s t r e n g t h  l e v e l  a t  220OoF than a t  room temperature.  
The h i g h  compressive s t r e n g t h  demonstrated by t h e  Type B m a t e r i a l  may be 
a t t r i b u t e d  t o  t h e  r e l a t i v e l y  coarse t e x t u r e  o f  t h e  m a t r i x  m a t e r i a l .  
Table 19 
COMPRESSIVE STRENGTH DATA 
Mater i  a1 W i  r e  D i  a. W i  r e  Poros i t y  Compressive St rength ,  k s i  
Type m i  1s Con t e n t  % Room Temp. E leva ted  Temp. 
Type A 3.5 5 v/o 10 14.9 20.2 (@ 2115OF) 
Type B 3.5 5 v/o 13 50.3 23.7 (@ 2220'F) 
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Figure 35, Fixture used for Compressive Strength Testing o f  Zirconia 
Composite Materials, Actual Size. 
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D. Elastic Modulus 
The elastic modulus of the Type A, B, and C composites were 
determined at room temperature by a pulse echo technique using an 
Elastomat with the specimen resonated in a flexure mode. A specimen of 
1/2 inch diameter b y 5  ihch-iti length was used for this test. Data 
interpretation was complicated because the resonant frequencies of these 
composites were not as clearly defined as they generally are in monolithic 
materials. Nonetheless, by measuring both transvers@ and longitudinal 
pulses, a determination of the elastic modulus of the materials could be 
obtained. The results of these tests are summarized in Table20. 
TABLE 20 
ELASTIC MODULUS OF REINFORCED ZIRCONIA COMPOSITES 
Compos i te Dens i ty Elastic Modulus, psi 
Material g/cc Porosity Longitudinal Transverse 
Type A 5.9 8% 14.8 x l o 6  16.7 x lo6  
Type B 5.4 15% 1.4 x l o 6  1.4 x l o 6  
Type c 5.8 12% 6.7 x lo6  8.8 x lo6  
In addition to these tests, it was planned to obtain a measure 
of the elevated-temperature elastic modulus of these materials from the 
tensile test data. However, because of the low tensile loads encountered 
in the elevated-temperature tests, no meaningful modulus data could be 
obtained. 
for the Type C material at room temperature. 
'is less by about a factor of 20 than the value determined by the pulse echo 
technique. As postulated before, this behavior may be due to microcracks 
existing in the specimens. Such localized points of weakness could be 
expected to have more effect in a tensile test than in a dynamic pulse 
test that measures the overall vibration mode of a specimen. 
The only modulus value obtained during the tensile tests was 
This value of 0.37 x l o 6  psi 
E. Thermal Conductivity 
Thermal conductivity of the Types A, B, and C composites were 
These tests were performed by measuring the temperature 
conducted on this program by the Dynatech Corporation, Cambridge, 
Massachusetts. 
drop across the composite specimen which was placed in the apparatus adjacent 
to a Pyroceram standard. Tests were conducted at a series of temperatures 
from close to room temperature to 20OO0F. 
ments were complicated by a reaction between the zirconia composite and 
the Pyroceram standard. Although this did not effect the accuracy of the 
results, it did necessitate remachining the standards for each run. 
The high temperature measure- 
88 
The r e s u l t s  o f  these t e s t s  a re  tabu la ted  as f o l l o w s :  
Temperature 
O F  
Thermal C o n d u c t i v i t y  BTU-Ft 
































A t  h i g h  temperature, t he re  i s  no t  much d i f f e r e n c e  i n  the  thermal 
c o n d u c t i v i t y  o f  t he  t h r e e  types o f  composites. A t  lower temperatures, 
however, n e a r l y  a f a c t o r  o r  2 e x i s t s  between Type A and Type B f o r  example. 
Th is  lower thermal c o n d u c t i v i t y  o f  t h e  Type B composite would c o n t r i b u t e  
t o  t h i s  m a t e r i a l  be ing more thermal shock s e n s i t i v e .  Th is  may h e l p  
e x p l a i n  t h e  g e n e r a l l y  i n f e r i o r  performance o f  t h i s  m a t e r i a l  i n  t e s t s  
descr ibed i n  the  Task 4 p o r t i o n  o f  t h i s  r e p o r t .  
F .  Thermal ExDansion 
The c o e f f i c i e n t  o f  thermal expansion of  t h r e e  composite m a t e r i a l s ,  
Types A, B, and C ,  was computed from the  hea t ing  expansion curves up t o  
245OOF and ex t rapo la ted  t o  4000°F. The t e s t s  were performed by Z i r coa  on 
a HARROP automat ic  record ing  d i l a tomete r  equipped w i t h  a P t  wound fu rnace 
and us ing  an argon atmosphere. 
TABLE 21 
Thermal Expansion Determinat ions 




200 t o  2450 
200 t o  1470 
200 t o  4000 
200 t o  2450 
200 t o  4000 
Therma 1 Expans ion,  i n /  i n/OF 
1.3 x l o m 6  
2.4 x 
3.9 x 10-6 
5.4 x 10'6 
5.5 x 10-6 
4.7 x 10'6 
5.1 x l o e 6  
200 t o  2450 
200 t o  4000 
The thermal expansion hea t ing  curves o f  these t h r e e  m a t e r i a l s  a r e  presented 
i n  F i g u r e  36. The curve  o f  t h e  composite f a b r i c a t e d  w i t h  t h e  F410 m a t r i x  
(Type A)  e x h i b i t s  v e r y  low expansion i n  t h e  under 200OOF range. 
behav io r  i s  a t t r i b u t e d  t o  a l a t t i c e  r e l a x a t i o n  phenomenon o c c u r r i n g  i n  t h e  
1000°F range, as w e l l  as t h e  phase change which occurs i n  t h i s  p a r t i a l l y  
s t a b i l i z e d  m a t e r i a l .  
z i r c o n i a  m a t r i x  m a t e r i a l s  do no t  e x h i b i t  t h e  l a t t i c e ,  r e l a x a t i o n  phenomenon 
nor  do they shaw"the e f f e c t s  6 f - ' the  monocl lhFc-tetragonal  phase ' invers ion .  
Th is  
The hea t ing  curves o f  t h e  2.85% MgO-stabi l ized 
Th is  behav io r  was s u r p r i s i n g ,  p a r t i c u l a r l y  i n  view o f  t h e  f a c t  
t h a t  a major r a t i o n a l e  i n  choosing the  MgO-stabi l ized systems f o r  
i n c o r p o r a t i o n  i n t o  t h i s  program was based on the i r  unique thermal 
expansion curves ( r e f e r  t o  F i g u r e  2)'. . 
v a l i d  on an e m p i r i c a l  bas i s  i n  t h a t  improved m a t e r i a l s  have been developed, 
i t  i s  c l e a r  t h a t  many o f  t h e  f a c t o r s  invo lved i n  z i r c o n i a  technology, 
p a r t i c u l a r l y  w i t h  regard t o  r e i n f o r c e d  xomposi tes ,  a re  S t i  1 1  no t  comple te ly  
understood. _1 
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TASK 4 - OXIDATION TESTS 
I n  a d d i t i o n  t o  thermal shock, the o the r  severe c o n d i t i o n  encountered i n  
rocke t  nozz le  environments i s  the  chemical r e a c t i v i t y  o f  the  combustion products .  
With the  l i q u i d  p r o p e l l a n t  system be ing  considered here,  a h i g h l y  o x i d i z i n g  
environment e x i s t s .  Therefore,  t h i s  p a r t  o f  t h e  program was aimed a t  e v a l u a t i n g  
the  t h r e e  z i r c o n i a  composites under cons ide ra t i on  (Types A, B, and C )  w i t h  
respect  t o  t h i s  type o f  environment. 
Th is  task  was comprized o f  two se r ies  o f  o x i d a t i o n  t e s t s .  The f i r s t  
t e s t  s e r i e s  cons is ted  o f  an exposure o f  t he  composite m a t e r i a l s  t o  t h e  
exhaust products  o f  a rocke t  engine a t  4200°F. The second s e r i e s ,  an a i r  
o x i d a t i o n  t e s t ,  was performed a t  300OoF i n  a s imulated a i r  m i x t u r e  us ing  a 
plasma j e t  heat  source. 
A.  Rocket Engine Exhaust Test  
The rocket  engine exhaust t e s t s  were performed by TRW Systems a t  t he  
Capis t rano Test  S i t e ,  Capis t rano,  C a l i f o r n i a  on the  High Energy P r o p e l l a n t  
Test Stand. A 500-pound t h r u s t  water-cooled engine was used f o r  these t e s t s  
w i t h  a p r o p e l l a n t  combinat ion o f  N204/50%N2H4-50%UDMH a t  a m i x t u r e  r a t i o  o f  
1.6 t o  1 .  
1 .  Tes t  Plan and Procedure 
Specimens o f  t he  th ree  composite m a t e r i a l s  were t o  be tes ted  i n  the  
exhaust gas stream a t  a temperature o f  4200°F f o r  per iods  o f  100, 200, and 
400 seconds. An a d d i t i o n a l  specimen o f  the  most promis ing m a t e r i a l  was t o  
be sub jec ted  t o  an 800-second exposure. 
The t e s t  scheme and specimen shape Is i l l u s t r a t e d  i n  F igu re  37. The 
t e s t  specimen was p laced i n  the  engine exhaust so  t h a t  i t  was exposed t o  
the  exhaust gases a t  t he  s p e c i f i e d  temperature. The t e s t  engine i s  shown 
i n  F igu re  38a w i t h  t h e  t e s t  specimen re t rac ted .  F igure  38b shows the  t e s t  
specimen r o t a t e d  i n t o  p o s i t i o n  under the  rocke t  engine nozz le.  Dur ing t h e  
performance o f  ac tua l  t e s t s ,  t he  t e s t  specimen was no t  r o t a t e d  i n t o  p o s i t i o n  
u n t i l  t he  engine was s t a r t e d  and had reached e q u i l i b r i u m  opera t i ng  cond i t i ons .  
Specimen temperatures were monitored and recorded d u r i n g  the  t e s t  by 
a two-color  o p t i c a l  pyrometer mounted on the  t e s t  stand. The specimen su r face  
reached a temperature between 4100 and 4200°F almost ins tan taneous ly  and then 







F igure  37. Test  scheme and specimens used f o r  p r o p e l l a n t  exhaust 
o x i d a t i o n  t e s t s  o f  r e i n f o r c e d  z i r c o n i a  composites. 
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2. Test Results 
The test specimens prior to testing are presented in Figure 39. 
The composites fabricated with 2-mil diameter wire exhibit a more uniform 
surface and greater freedom from fissures and surface cracks than composites 
incorporating larger wire diameters, This phenomenon is related to the 
fact that the coefficient o f  expansion mismatch between composite components 
is less detrimental when smaller wire diameters are employed. Petrographic 
examinations, carried out by Zircoa, also indicated composites reinforced 
with 2-mil diameter wire had lower residual stress levels than composites 
fabricated with 3.5 mil or larger wire diameters, 
The propellant oxidation test results are summarized in Table 22 
and the appearance o f  the specimens after testing is presented in 
Figures 40 and 41. The test results can be correlated to the visual 
appearance o f  the specimens before testing and to a lesser extent to 
porosity. Composite material Type C which showed the greatest freedom 
from surface cracks before testing, demonstrated superior erosion resistance 
in this test. The type B composite, formulated with medium-texture zirconia 
powder and containing a number of  surface cracks as-machined, suffered the 
greatest degree o f  erosion o f  the 3 composite materials tested. The use o f  
medium-textured zirconia powder In the Type B composite also resulted in 
greater porosity: 13% as compared to 10% for composites using fine-textured 
z i rcon 1 a powder a 
Table 22 
SUMMARY OF PROPELLANT OXIDATION TEST RESULTS 
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F igu re  39. Rein forced z i r c o n i a  composite specimens f o r  
rocke t  eng i ne exhaust t e s t s  p r  i o r  t o  t e s t  i ng 
Type C - Top Row - 2.85% MgO f i n e - t e x t u r e  m a t r i x  r e i n f o r c e d  w i t h  
7v/o of  2.0 m i l  d iameter  W-3%Re w i re .  
Type B - Center Row - 2.85% MgO medium-texture m a t r i x  r e i n f o r c e d  w i t h  
5v/o of  3.5 m i  1 diameter  W-3%Re w i r e .  
Type A - Bottom Row - F410 f i n e - t e x t u r e  m a t r i x  r e i n f o r c e d  w i t h  
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Figure 41. Specimens of Type C reinforced zirconia composite 
after rocket engine exhaust tests of various 
durations as indicated. 
P 
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The e ros ion  mechanism appears t o  opera te  through f a i l u r e  o f  t h e  
s u p p o r t i n g  f i b e r s  which a l l ows  pieces o f  t he  composite m a t e r i a l  t o  be sheared 
and c a r r i e d  o f f  by the  h i g h  v e l o c i t y  gas stream. The loss  o f  r e l a t i v e l y  
l a r g e  pieces was most obvious d u r i n g  t h e  course o f  t h e  t e s t i n g  o f  t h e  Type B 
ma te r i  a1 
Ana lys i s  o f  t h e  s e l e c t e d  o x i d a t i o n - t e s t e d  specimens was performed by 
metal  l og raph ic ,  e l e c t r o n  microprobe, and p e t r o g r a p h i c  analyses. 
H,etal lography - The major m i c r o s t r u c t u r a l  f ea tu res  of  a l l  t h r e e  types 
o f  composite specimens a f t e r  o x i d a t i o n  t e s t i n g  were s i m i l a r  i n  n a t u r e  b u t  
v a r i e d  i n  degree i n  r e l a t i o n  t o  t h e  d u r a t i o n  o f  t h e  t e s t .  The t y p i c a l  behav io r  
o f  these specimens d u r i n g  o x i d a t i o n  t e s t i n g  i s  i 1 l u s t r a t e d  by the  800-second 
Type C composite specimen shown i n  F i g u r e  42. F i g u r e  42a i l l u s t r a t e s  the  
m i c r o s t r u c t u r e  a t  t he  o u t e r  s u r f a c e  neares t  t o  the  exhaust f lame. The 
r e i n f o r c i n g  w i res  i n  t h i s  area have been comple te ly  removed e i t h e r  by 
o x i d a t i o n  o r  d i s s o l u t i o n  i n t o  t h e  z i r c o n i a  m a t r i x .  The spongy appearance o f  
t h e  g r a i n  boundar ies is i n d i c a t i v e  o f  d i f f u s i o n  o f  W i n t o  t h e  z i r c o n i a  m a t r i x  
p r i o r  t o o i t s  removal by o x i d a t i o n .  This  t ype  o f  m i c r o s t r u c t u r e  extends t o  a 
depth of  approx imate ly  114 i nch  below the  sur face .  The m i c t o s t c u c t u r e  o f  t h e  
i n t e r i o r  o f  t he  specimen, F i g u r e  42b, appears t o  be u n a f f e c t e d  by t h e  t e s t  






The depth o f  w i r e  d e p l e t i o n  as a f u n c t i o n  o f  d u r a t i o n  o f  t e s t  exposure 
i s  o f  i n t e r e s t  t o  h e l p  understand the  mechanism o f  degradat ion  and t o  h e l p  
e x t r a p o l a t e  t h e  behav io r  o f  t h i s  m a t e r i a l  t o  longer  t imes. 
and B composites s u f f e r e d  cons iderab le  m a t e r i a l  l oss  by e ros ion  d u r i n g  the  
t e s t ,  a meaningful p l o t  o f  t h i s  r e l a t i o n s h i p  cou ld  n o t  be made. For the Type 
C m a t e r i a l ,  which remained v i r t u a l l y  I n t a c t  a f t e r  t he  t e s t ,  t h e  r e l a t i o n s h i p  
between depth o f  w i r e  degradat ion  and t e s t  t ime  i s  shown i n  F i g u r e  43. I n  
t h i s  p l o t ,  t he  depth i s  p l o t t e d  as a f u n c t i o n  o f  the square r o o t  o f  t ime. 
Except f o r  t he  160-second datum p o i n t ,  a s t r a i g h t - l i n e  r e l a t i o n s h i p  i s  
observed. This  i n d i c a t e s  t h a t  t h e  d e t e r i o r a t i o n  of t h e  m a t e r i a l  i s  a 
d i f f u s i o n - c o n t r o l l e d  process as would be expected. The data a l s o  i n d i c a t e ,  
t h e r e f o r e ,  t h a t  subsequent increments o f  d e t e r i o r a t i o n  w i  1 1  r e q u i r e  longer  
onger exposure t imes. This  i s  a p romis ing  t r e n d  f o r  l onger - t ime  
c a t i o n s  o f  t h i s  m a t e r i a l  
Because t h e  Type A 
E l e c t r o n  microprobe a n a l y s i s  - The 800-second Type C composite 
l o g r a p h i c  specimen was a l s o  analyzed by e l e c t r o n  microprobe a n a l y s i s .  
t he  apparatus s e t  t o  d e t e c t  tungsten, t h e  e l e c t r o n  beam was moved i n -  
f rom the  exposed su r face  o f  t he  specimen. As t h e  beam passed over a 
tungs ten  w i r e ,  t he  a p p r o p r i a t e  machine read-out c h a r t  would momentar i ly  
i n d i c a t e  about 100% W i ns tead  o f  t he  normal near -zero  background i n d i c a t i o n .  
The r e s u l t a n t  d is tance-versus- tungs ten  conten t  p l o t  i s  shown i n  F i g u r e  44. 
Th is  c h a r t  i n d i c a t e s  t h a t  t he  tungs ten  was v i r t u a l l y  comple te ly  removed f o r  
about 150 m i l s  f rom the  edge o f  t h e  specimen. 
100 
F igu re  42. Cross-sect ion o f  Type C r e i n f o r c e d  z i r c o n i a  specimen a f t e r  t h e  800-second 
p r o p e l l a n t  o x i d a t i o n  t e s t  showing (a) area ad jacent  t o  h o t  su r face  and 
(b) i n t e r i o r  area. M a g n i f i c a t i o n  75X 
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The c h a r t  then i n d i c a t e s  an i n t e r m e d i a t e  zone w i t h  an 'increased tungsten 
conten t .  The r e l a t i v e l y  u n i f o r m  tungsten l e v e l  i n  t h i s  zone i n d i c a t e s  
t h a t  t h e  tungsten from t h e  w i r e s  has d i f f u s e d  i n t o  t h e  z l r c o n i a  m a t r i x .  
A t  about 350 m i l s  from t h e  s u r f a c e ,  t h e  i n t e r m i t t e n t  tungsten s i g n a l s ,  
i n d i c a t i v e  o f  t h e  a s - f a b r i c a t e d  composite, a r e  e v i d e n t .  S i m i  l a r  scans 
o f  t h e  same area w i t h  t h e  machine s e t  t o  d e t e c t  z i r c o n i u m  and oxygen were 
performed. These scans gave no i n d i c a t i o n s  o f  o t h e r  i n t e r a c t i o n s  t a k i n g  
p l a c e  w l  t h i n  t h i s  m a t e r i a l  
Petrography - Se lec ted  o x i d a t i o n - t e s t e d  specimens were examined 
by Z i r c o a  by p e t r o g r a p h i c  techniques. For t h i s  examinat ion,  specimens 
were prepared I n  t h i n  s e c t i o n s  which were then p o l i s h e d  on b o t h  faces 
so t h a t  they cou ld  be viewed by t r a n s m i t t e d  l i g h t .  Th is  technique a l lowed 
t h e  o b s e r v a t i o n  o f  general  m i c r o s t r u c t u r a l  f e a t u r e s ,  phase r e l a t i o n s h i p s ,  
and t h e  e x t e n t  o f  r e s i d u a l  s t r e s s  e x i s t i n g  w i t h i n  t h e  m a t e r i a l .  
The specimens s t u d i e d  by t h i s  technique inc luded a Type A and 
a Type B composite each o x i d a t i o n - t e s t e d  f o r  200 seconds, and two Type C 
samples t e s t e d  f o r  160 and f o r  800 seconds. These f o u r  samples exposed 
t o  o x i d i z i n g  environments a t  4200°F a l l  showed s i m i l a r  general  f e a t u r e s .  
The h o t  face  o f  t h e  m a t e r i a l  was d e s t a b i l i z e d  t o  a depth o f  about 2 m i l s  
due t o  v o l a t i l i z a t i o n  of t h e  MgO o u t  o f  t h e  s o l i d  s o l u t i o n  ( F i g u r e  45).  
The tungsten w i r e s  a r e  complete ly  removed f rom t h e  s u r f a c e  l a y e r ,  and f o r  
a s h o r t  d i s t a n c e  b a c k ' i n t o  t h e  ceramic. The i n t e r m e d i a t e  zone back f rom 
t h e  s u r f a c e  conta ins  p a r t i a l l y  eroded tungsten-wi res,  each o f  which i s  
encapsulated i n  a l a y e r  o f  d e s t a b i l i z e d  z i r c o n i a  (F igure  46).  There i s  
good evidence o f  r e s i d u a l  s t r a i n  i n  t h e  ceramic i n  a narrow zone immediate ly  
back of t h e  h o t  face. The z i r c o n i a  i n  the  h o t  face  shows t h a t  t h e  o x i d a t i o n  
and v o l a t i l i z a t i o n  o f  t h e  tungsten w i r e s  i s  o c c u r r i n g  by a r e a c t i o n  w i t h  
the  z i r c o n i a .  The d u r a b i l i t y  o f  t h e  composite may have beed dur  t o  t h e  
des tab i  l i z a t i o n - o x i d a t i o n  r e a c t i o n ,  t h e  r a t e  o f  which appears t o  have been 
governed by a d i f f u s i o n  process i n  t h e  s o l i d  s t a t e ,  Th is  would p robab ly  
r e s u l t  i n  s lower  r e a c t i o n  r a t e s  than i f  t h e  process were governed by 
d i f f u s i o n  i n  the  gas s t a t e  through open f i s s u r e s  as might  be expected i n  
t h e  coarser  m a t e r i a l s .  
The f o l l o w i n g  conclus ions have r e s u l t e d  f rom the  p e t r o g r a p h i c  
a n a l y s i s  o f  these f o u r  specimens: 
1 .  The tungsten i s  removed o n l y  f rom t h e  area near t h e  s u r f a c e  
o f  t h e  specimen which i s  exposed t o  t h e  o x i d i z i n g  environment 
a t  4200°F 
2. The s u r f a c e  m a t e r i a l  undergoes a s l i g h t  d e s t a b i l i z a t i o n  due 
t o  t h e  v o l a t i l i z a t i o n  o f  t h e  MgO. I n  some instances a t h i n  
f i l m  o f  m o n o c l i n i c  z i r c o n i a  can develop on t h e  sur face .  I n  
some ins tances ,  d e s t a b i l i z a t i o n  o f  t h e  ceramic can occur  a long 
g r a i n  boundar ies (See F i g u r e  47).  
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Figure 45. Cross-section of  hot face o f  Type A material, F410 + 5v/0 of 3.5 mil 
wire, propellant oxidation specimen after 200 seconds exposure 
at 420OOF. Transmitted polarized light, 370X. 
\ 
Figure 46. Cross-section of  intermediate zone Type A material, F410 + 5v/o of 3.5 
mil wire, propellant oxidation specimen, after 200 seconds exposure 




F i g u r e  47. I n t e r i o r  o f  Type A z i r c o n i a  composite a f t e r  rocke t  engine 
p r o p e l l a n t  o x i d a t i o n  t e s t s  showing d e s t a b i l i z a t i o n  a long 
z i r c o n i a  g r a i n  boundar ies;  t r a n s m i t t e d  p o l a r i z e d  l i g h t ,  




5 .  
The Zr02-Mg0 s o l i d  s o l u t i o n  immediately ad jacent  t o  t h e  
tungs ten  w i r e s  w i l l  d e s t a b i l i z e  a t  a h i g h  temperature. 
Th is  forms a capsule o f  monoc l i n i c  Z r O Z  around each w i r e  
i n  t h e  i n te rmed ia te  zone. 
The s u r f a c e  Zr02 r e c r y s t a l l i z e s  r a p i d l y  a t  temperatures 
as h i g h  as 42OO0F, w i t h  n o t i c e a b l e  e f f e c t s  o c c u r r i n g  
w i t h i n  200 seconds. 
The c u b i c  z i r c o n i a  phase immediately back o f  t h e  re-' 
c r y s t a l  1 i zed  zone I s  s t r a i n e d  due t o  the' thermA1 :Stresses 
induced by the  rocke t  exhaust t e s t .  
3. Conclusions From Engine Exhaust Tes t i ng  
I n  a d d i t i o n  t o  y i e l d i n g  an understanding o f  t h e  o x i d a t i o n  
behav io r  o f  these composites, t h e  r o c k e t  engine exhaust t e s t s  p rov lded  
a d i s c r i m i n a t i n g  and d e c i s i v e  measure o f  t h e  r e l a t i v e  m e r i t  o f  t h e  
Type A, B, and C m a t e r i a l s  f o r  use i n  thcoa t  i n s e r t  f a b r i c a t i o n .  
Based on o v e r a l l  appearance, e r o s i o n  res i s tance ,  and general  s t r u c t u r a l  
i n t e g r i t y  a f t e r  o x i d a t i o n  t e s t i n g  (see F igu res  40 and 4 1 ) ,  t h e  Type C 
composite was c l e a r l y  t h e  s u p e r i o r  m a t e r i a l .  
m a t e r i a l s  f o r  t h r o a t  i n s e r t  f a b r i c a t i o n  were r a t e d  i n  decreas ing  o r d e r  
as f o l l o w s :  
The o v e r a l l  m e r i t  o f  these 
Z l r c o n i a  
Composite M a t r i x  Reinforcement 
Des igna t ion  Mater i a1 (W-3%Re Wire) 
2.85% MgO 
F ine-Tex ture  
2.0 m i l ,  7 v /o  
Type A F410 3.5 m i l ,  5 v /o  
2.85% MgO 3.5 m i l ,  5 v/o 
Med i um-Texture 
These rocke t  engine ekhaust t e s t s  o f fe red  probab ly  the  most 
r e a l i s t i c  environment of  any t e s t  i n  t h i s  program f o r  o v e r a l l  e v a l u a t i o n  
o f  these m a t e r i a l s  f o r  rocke t  nozz le  a p p l i c a t i o n .  There fore ,  t h e  above 
r a t i n g  was t h e  p r imary  c o n s i d e r a t i o n  i n  choosing t h e  composite f o r  
f a b r i c a t i o n  of  i n s e r t s  f o r  t e s t  f i r i n g  i n  Task 5 o f  t h e  program. 
B. A i r  O x i d a t i o n  Tests 
I t  was d e s i r e d  t o  know the  behavior o f  these composites i n  an 
environment o t h e r  than t h e  s p e c i f i c  rocke t  engine exhaust environment 
o f  p r imary  i n t e r e s t  t o  t h i s  program. Such i n f o r m a t i o n  would y i e l d  a 
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b e t t e r  general  understanding o f  these composites which can a i d  i n  t h e i r  
more i n t e l l e g e n t  use b o t h  i n  t h i s  s p e c i f i c  r o c k e t  nozz le  a p p l i c a t i o n  and 
p o s s i b l y  i n  o t h e r  p laces such as j e t  engines, where h i g h  temperature 
m a t e r i a l s  a r e  r e q u i r e d .  I n  l i g h t  o f  t h i s  combined purpose, a 3000°F 
exposure i n  mbving a i r  was chosen as an a p p r o p r i a t e  t e s t  c o n d i t i o n .  
1 .  Test  Procedure 
The a i r  o x i d a t i o n  t e s t s  were c a r r i e d  o u t  by h e a t i n g  t h e  t e s t  
specimen t o  3000°F by a plasma j e t  t o r c h  u s i n g  a s imu la ted  a i r  m i x t u r e  
o f  N2 and 02. 
u s i n g  a 40KW Plasma Torch w i t h  a Metco plasma gun. The specimen was a 
1- inch d iameter  x 1/4" t h i c k  d i s c .  
The t e s t  was performed a t  t h e  TRW M a t e r i a l s  Labora tory  
The t e s t  was performed by p l a c i n g  t h e  specimen i n  a s p e c i a l l y  
b u i l t  a i r  o x i d a t i o n  furnace,  shown schemat ica l l y  i n  F i g u r e  48. The f u r -  
nace chamber was a 3- inch  diameter x 3- inch long c a v i t y  machined i n  a 
z i r c o n i a  b l o c k .  The gas i n l e t  and o u t l e t  p o r t s  were l o c a t e d  t a n g e n t i a l l y  
t o  impar t  a s w i r l i n g  mot ion t o  the  gas and u n i f o r m  exposure t o  t h e  specimen 
surfaces t o  the  t e s t  c o n d i t i o n s .  
Temperatures were moni tored by a thermocouple. A l l  t e s t i n g  was 
c a r r i e d  o u t  i n  a i r  w i t h  no p r o t e c t i v e  atmosphere. T iming o f  t h e  t e s t  was 
s t a r t e d  when t h e  specimen reached 3000°F and t e s t  c o n d i t i o n s  were h e l d  
cons tan t  f o r  t h e  d u r a t i o n  o f  t h e  t ime c y c l e .  Specimens were remwed f rom 




fu rnace and a l lowed t o  coo l  i n  s t i l l  a i r  a t  t h e  complet ion o f  t h e  t e s t .  
3 composite m a t e r i a l s  were each t e s t e d  f o r  4 t i m e  p e r i o d s  o f  3, 6,  10, 
30 minutes ( f o r  a t o t a l  o f  12 specimens). 
Test  Resu l ts  
The da ta  f rom t h e  a i r  o x i d a t i o n  t e s t s  a r e  summarized i n  
Tab le  23. A s l i g h t  weight  g a i n  was recorded f o r  a l l  t h e  specimens. Since 
t h e  h i g h  temperature form of tungsten o x i d e  (WO3) is gaseous a t  t h e  t e s t  
temperature o f  3000"F, most o f  t h e  we igh t  change o f  t h e  specimens occur red  
d u r i n g  t h e  coo l  down p o r t i o n  o f  t h e  c y c l e  and i s ,  t h e r e f o r e ,  o f  u n c e r t a i n  
s i g n i f i c a n c e .  The volume change, a l s o  a t t r i b u t e d  t o  t h e  f o r m a t i o n  of  
tungs ten  ox ide ,  i s  cor respond ing ly  o f  l i m i t e d  s i g n i f i c a n c e .  
M e t a l l o g r a p h i c  examinat ion o f  t h e  o x i d a t i o n  t e s t e d  specimens 
showed the  presence o f  a re in forcement  w i r e  d e p l e t i o n  zone a t  t h e  exposed 
sur faces .  T y p i c a l  m i c r o s t r u c t u r e s  o f  t h e  compositerspecimens a f t e r  a 3 
and 30 minute exposure a r e  presented i n  F i g u r e  49. 
p l e t i o n  zone, as i n d i c a t e d  i n  Table 23, depended on the  d u r a t i o n  of t h e  t e s t .  
These da ta  a r e  p l o t t e d  i n  F i g u r e  50 w i t h  t h e  depth of  d e t e r i o r a t i o n  shown 
as a f u n c t i o n  o f  t h e  square r o o t  o f  t h e  t e s t  d u r a t i o n .  The Type C m a t e r i a l  
conforms reasonably w e l l  t o  t h e  d i f f u s i o n - c o n t r o l l e d  mechanism i m p l i e d  by 
t h i s  t y p e  o f  p l o t .  The Type A and Type B m a t e r i a l  i n d i c a t e  a f a s t e r  i n i t i a l  
degradat ion  r a t e ,  b u t  then they showed a change i n  behav io r  t h a t  r e s u l t s  i n  
a s lower  r a t e  o f  w i r e  d e t e r i o r a t i o n .  
The depth o f  t h e  de- 
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Hot Gas I n l e t  Por 
40 KW Plasma Gun 
Exhaust Gas 
S i gh t Port  
Spec i men 
Z i r c o n i a  
F igure  48. Test scheme f o r  a i r  o x i d a t i o n  t e s t s  
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(a) 3 Minute Exposure 75x 
(b) 30 Minute Exposure 7 5x 
F igu re  49. Cross-sect ion views showing h o t  su r face  of Type C composite m a t e r i a l  
a f t e r  exposure a t  300OoF i n  a i r - o x i d a t i o n  t e s t s  f o r  (a) 3 minutes 




























These specimens a r e  porous and they have a tendency t o  form 
microcracks.  Th is  prec ludes any s imple a n a l y s i s  of these data,  Fu r the r ,  
t h e  p o r o s i t y  and mic rocrack ing  tendency v a r i e s  w i t h  t h e  d i f f e r e n t  types 
o f  m a t e r i a l .  I n  genera l ,  t h e  Type C m a t e r i a l ,  re in fo rced  w i t h  the  2-mi l  
w i r e ,  has less tendency t o  form microcracks than do the  composites r e i n -  
f o rced  w i t h  3 . 5 - m i l  w i r e .  Th is  may account f o r  i t s  lower i n i t i a l  o x i d a t i o n  
r a t e .  The h i g h e s t  p o r o s i t y  was i n  the  Type B m a t e r i a l  , and t h i s  m a t e r i a l  
showed t h e  h ighes t  o x i d a t i o n  r a t e  o f  t h e  t h r e e  composites. 
ox ide  (WO3) formed f rom t h i s  w i r e  o x i d a t i o n  i s  gaseous a t  30OO0F, so i t  
can o f f e r  no p r o t e c t i o n  f rom f u r t h e r  o x i d a t i o n .  There was no d i f f u s i o n  
o f  tungs ten  i n t o  the  z i r c o n i a  m a t r i x  i n  these o x i d a t i o n  specimens. The 
o x i d a t i o n  o f  these specimens, t he re fo re ,  must depend on t h e  d i f f u s i o n  o f  
oxygen through the  composite t o  t h e  metal  sur face .  The r a t e  of such a t t a c k  
w P I 1 ,  t h e r e f o r e ,  depend on t h e  combined e f f e c t s  o f  p o r o s i t y ,  microcracks,  
and t h e  amount of  w i r e  su r face  area t h a t  i s  exposed t o  such cond i t i ons .  
The tungsten 
TASK 5 - INSERT DESIGN AND FABRICATION 
and f a b r  
t h r o a t  d 
i n s e r t  w 
The program t o  be f o l l o w e d  i n  Task 5 i nc luded t h e  des ign 
c a t i o n  o f  a s e r i e s  o f  t h r e e  nozz le  i n s e r t s  w i t h  a 3 - inch  
ameter t o  be f u r n i s h e d  t o  NASA f o r  t e s t  f i r i n g .  The f i r s t  
s t o  be f a b r i c a t e d  f rom t h e  composite m a t e r i a l  t h a t  o f f e r e d  
t h e  g r e a t e s t  p o t e n t i a l  as a t h r o a t  i n s e r t  as determined by t h e  
preced ing  p o r t i o n  o f  t h e  program. F o l l o w i n g  t h e  t e s t  f i r i n g  o f  t h e  
f i r s t  i n s e r t ,  a second composi te i n s e r t  was t o  be f a b r i c a t e d  incorpor -  
a t i n g  any m o d i f i c a t i o n s  o f  des ign or m a t e r i a l s  t h a t  were i n d i c a t e d  
by t h e  r e s u l t s  o f  t h e  f i r s t  t e s t  f i r i n g .  The t h i r d  i n s e r t ,  c o n t a i n i n g  
no re in fo rcement  wife; was t o  be f a b r i c a t e d  w i t h  t h e  same m a t r i x  
m a t e r i a l  and process ing  c o n d i t i o n s  as were used i n  f a b r i c a t i n g  t h e  
second i n s e r t  so t h a t  a one-to-one e v a l u a t i o n  of  t h e  e f f e c t s  o f  t h e  
r e i n f o r c i n g  w i r e s  cou ld  be obta ined.  
A. F i r s t  Re in fo rced I n s e r t  
For t h e  f i r s t  i n s e r t ,  a composi te m a t e r i a l  was chosen and 
a des ign  and accompanying thermal a n a l y s i s  was prepared. The i n s e r t  
was then f a b r i c a t e d  and t e s t - f i r e d .  P r i o r  t o  t h i s  p o i n t  i n  t h e  
program, a t h r o a t  i n s e r t  e s s e n t i a l l y  o f  Type A m a t e r i a l  had been 
suppl  i e d  t o  NASA-Lewis under separate c o n t r a c t ,  (NAS 3-1 1265). ,This i n s e r t  was 
a l s o  o f  3 - inch  t h r o a t  d iameter  o f  s i m i l a r  des ign as t h e  one t o  be produced 
i n  t h i s  program. I n  f a c t ,  t h e  t e s t  f i r i n g  o f  these two i n s e r t s  were 
c a r r i e d  o u t  c o n c u r r e n t l y  a t  NASA-Lewis. 
o f  t h e  two nozz les.  
i n  t h i s  program, t h i s  comparison o f  performance w i l l  be e v i d e n t .  
T h i s  a l lowed a good comparison 
I n  t h e  f o l l o w i n g  d i s c u s s i o n  o f  t h e  nozz les,produced 
1, M a t e r i a l s  S e l e c t i o n  
The s e l e c t i o n  o f  a composite m a t e r i a l  f o r  t h e  f i r s t  i n s e r t  was 
made us ng t h e  da ta  d e r i v e d  from Tasks 1 through 4 of  t h e  program w i t h  
p a r t i c u  a r  emphasis on t h e  thermal shock and p r o p e l l a n t  o x i d a t i o n  t e s t  
r e s u l t s  Based on these data,  t h e  composi te m a t e r i a l  s e l e c t e d  was Type C ,  
a 2.85% MgO s t a b i l i z e d ,  f i n e  t e x t u r e  z i r c o n i a  m a t r i x ,  r e i n f o r c e d  w i t h  7 v /o 
o f  2-mi d iameter  x 1/8 inch  long W-3%Re w i r e .  The d e c l s i o n  was f a c i l i t a t e d  
t o  a degree by t h e  f a c t  t h a t  a nozz le  o f  t h e  Type A composi te - considered 
as a second cho ice  on t h i s  program - was a l r e a d y  be ing  produced and t h a t  
t h e  t e s t  f i r i n g  r e s u l t s  o f  i t  would be a v a i l a b l e  f o r  comparison on t h i s  
p rog ram. 
2. Design and Thermal A n a l y s i s  
As  an a i d  t o  t h e  des ign o f  t h e  t h r o a t  i n s e r t  and t h e  assoc ia ted  
suppor t  s t r u c t u r e , a  p r e l i m i n a r y  thermal s t r e s s  a n a l y s i s  was performed on 
a tungs ten  w i r e  r e i n f o r c e d  i n s e r t .  The p r e l i m i n a r y  a n a l y s i s  was performed 
b e f o r e  complet ion o f  Tasks 2 and 3 and was based on l i m i t e d  exper imenta l  
da ta  and es t imated m a t e r i a l  p r o p e r t i e s .  The r e s u l t s  o f  t h i s  a n a l y s i s  
revea led  t h a t  a l l  temperatures would be w i t h i n  e s t a b l i s h e d  o p e r a t i o n a l  l i m i t s .  
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The p r e l i m i n a r y  a n a l y s i s  exped i ted  t h e  des ign o f  t h e  nozz le  
i n s e r t  and t h e  assoc ia ted  t o o l  ing.  When p h y s i c a l  p r o p e r t y  da ta  on t h e  
Type C composi te m a t e r i a l  became a v a i l a b l e ,  t h e  f o l l o w i n g  a n a l y s i s ,  based 
on c u r r e n t  exper imenta l  data,  was performed. 
C o n f i g u r a t i o n  - The c o n f i g u r a t i o n  of t h e  t h r o a t  i n s e r t  con- 
s i d e r e d  i n  t h e  a n a l y s i s  is, presented i n  F i g u r e  51. For  t h e  thermal s t r e s s  
a n a l y s i s ,  i t  was considered t h a t  t h e  t h r o a t  would be i n s t a l l e d  i n  a molded, 
chopped s i l i c a  p h e n o l i c  t h r o a t  suppor t  component. A c y l i n d r i c a l  s t e e l  
s h e l l  p r o v i d e d  s t r u c t u r a l  suppor t  on t h e  O.D. su r face .  The t h r o a t  i n s e r t  
assembly analyzed i s  presented i n  F i g u r e  52. T h i s  c o n f i g u r a t i o n  i s  
i d e n t i c a l  w i t h  t h e  nozz le  o f  t h e  Type A composite t h a t  had been s u p p l i e d  
p r i o r  t o  t h i s  p o i n t  i n  the  program. 
M a t e r i a l  p r o p e r t i e s  - The a v a i l a b l e  p h y s i c a l  p r o p e r t i e s  o f  t h e  
m a t e r i a l s  were reviewed f o r  t h e  a n a l y s i s .  P r o p e r t i e s  such as thermal 
c o n d u c t i v i t y ,  s p e c i f i c  heat ,  and d e n s i t y  a r e  r e q u i r e d  f o r  t h e  thermal 
a n a l y s i s .  I n  a d d i t i o n  t o  these p r o p e r t i e s ,  m a t e r i a l  s t r e n g t h ,  modulus o f  
e l a s t i c i t y ,  thermal c o e f f i c i e n t  of  expansion, and Poisson’s  r a t i o  a l l  as 
a f u n c t i o n  o f  temperature a r e  necessary f o r  t h e  s t r e s s  a n a l y s i s .  The 
t h r o a t  i ‘nsert iwaS fabricate”dfrrom.-2.95% MgO-stabi 1 i z e d  z i r c o n i a  powder and 
7 v/o o f  2-mi l  d iameter  W-3%Re w i r e .  The o n l y  exper imenta l  m a t e r l a l  
p r o p e r t y  data t h a t  e x i s t s  f o r  t h i s  composite i s  what was p r e v i o u s l y  d e t e r -  
mined d u r i n g  t h e  program. For  t h i s  a n a l y s i s ,  exper imenta l  m a t e r i a l  p r o p e r t y  
va lues were used where p o s s i b l e .  
i n  Tab le  24 andcFigure 53. 
s i  1 i ca phenol i c t h r o a t  suppor t  (MX2646) and t h e  s t e e l  suppor t  were s e l e c t e d  
based upon prev ious  TRW exper ience, These da ta  a r e  t h e  same as t h a t  used 
p r e v i o u s l y  (2)  and a r e  presented i n  Table 25. 
These p h y s i c a l  p r o p e r t y  da ta  a r e  summarized 
The p h y s i c a l  p r o p e r t y  da ta  f o r  t h e  molded chopped 
Heat t r a n s f e r  a n a l y s i s  - A heat  t r a n s f e r  a n a l y s i s  was conducted 
on t h e  des ign presented i n  F i g u r e  52. Only t h e  t h r o a t  s t a t i o n  was analyzed 
s i n c e  t h i s  s t a t i o n  represents  the  maximum heat  f l u x  l o c a t i o n .  A l s o  t h e  
t h r o a t  i n s e r t  th ickness  a t  t h i s  l o c a t i o n  i s  a maximum and, &us, represents  
maximum thermal s t r e s s  l o c a t i o n .  
The h e a t  t r a n s f e r  a n a l y s i s  was performed u s i n g  t h e  TRW Char r ing  
A b l a t i v e  M a t e r i a l s  Program. Th is  program so lves  t h e  heat  balance i n  one 
dimension u s i n g  a f i n i t e  d i f f e r e n c e  technique. For  t h i s  a n a l y s i s ,  a 
c y l i n d r i c a l  c o o r d i n a t e  system was assumed. Th is  program i s  des ignated 
TRW Computer Program No. 81520. 
The combustion gas p r o p e r t i e s  used were as f o l l o w s :  
Convect ive Heat T r a n s f e r  C o e f f i c i e n t  = 927 BTU/hr-ft2-”F 
S p e c i f i c  Heat = 1.39 BTU/lb.-’F 
A d i a b a t i c  Wall  Temperature = 4610°F 
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Figure 52. Nozzle throat assembly design used for thermal stress analysis. 
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TABLE 24 
ZIRCONIA-TUNGSTEN COMPOSITE PHYSICAL PROPERTY DATA 
Tens i l e  S t rength  70°F 
2000 " F 
3000 o F 
Compressive St rength  70°F 
2200 " F 
2030 p s i  
2260 p s i  
510 p s i  
17,700 p s i  
24,000 p s i  
Dens i t y  6.3 g/cc 
Poisson's R a t i o  7 0 " ~  0.29 
BTU- i n 
2 8 n o  hr- f t2-OF 7 0 " ~  
Thermal Conduc t i v i t y  
572" F 25.0 
1292" F 22.2 
1652°F 21.5 
2400 " F 20.0 
5000 " F 19.5 
Speci f i c Heat ., 70°F 






SILICA AND STEEL PHYSICAL PROPERTY DATA 
Molded Chopped S i  1 i c a '  Phenol i c  S t e e l  
360 e 0 Therma 1 Conduct i v i  t y  , BTU- i n/h r - f  t 2-o  F 3.5 
S p e c i f i c  Heat, BTU/lb-"F 0.24 0.10 
Dens i t y  , g/cc 1.78 7.58 
Modulus o f  E l a s t i c i t y ,  p s i  0.9 x 10 6 29.0 x 10 6 
C o e f f i c i e n t  o f  Thermal Expansion, i n / i n / " F  2.6 x 7.0 x 
Po isson 's  R a t i o  0.2 0.3 
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Figure 53. Modulus o f  Elasticity and,Coefficient o f  Thermal Expansion 
for Zirconia - Tungsten Composites. 
The r e s u l t s  o f  t h e  heat  t r a n s f e r  a n a l y s i s  a r e  presented i n  
F i g u r e  54. 
a t  8, 18, 100 and 300 seconds o f  e lapsed f i r i n g  t ime. As shown i n  F i g u r e  
54, t h e  maximum temperature g r a d i e n t  across t h e  t h r o a t  i n s e r t  o f  about 
3920°F occurs a t  approx imate ly  18 seconds o f  e lapsed f i r i n g  t ime.  
P r e d i c t e d  temperature g r a d i e n t s  across t h e  i n s e r t  a r e  shown 
Ana lys is  o f  t h e  suppor t  m a t e r i a l s  revea ls  a1 1 temperatures a r e  
w i t h i n  e s t a b l i s h e d  o p e r a t i o n a l  l i m i t a t i o n s .  The s t e e l  temperature i s  
p r e d i c t e d  t o  remain a t  ambient c o n d i t i o n s  f o r  300 seconds o f  elapsed 
f i r i n g  t ime. For a 300-second t e s t ,  t h e  zirconia-to-silica-phed@liic i n t e r -  
face  i s  p r e d i c t e d  t o  r i s e  t o  1500°F which i s  below t h e  m e l t i n g  temperature 
of s i l i c a  ( s i l i c a  mel ts  a t  approx imate ly  3100°F). The s i l i c a  p h e n o l i c  
m a t e r i a l  w i l l  be charred t o  a depth o f  approx imate ly  0.080 inches a t  300 
seconds assuming a c h a r r i n g  temperature o f  about 800OF. The z i r c o n i a - t o -  
s i l i c a  p h e n o l i c  i n t e r f a c e  temperature i s  p r e d i c t e d  t o  r i s e  t o  800°F a t  
197 seconds o f  e lapsed f i r i n g  t ime,  thus some loss i n  suppor t  w i l l  occur due 
t o  c h a r r i n g .  
By comparison t o  the  p r e l i m i n a r y  a n a l y s i s  t h a t  was based on 
e s t i m a t e d  p r o p e r t y  da ta ,  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  backs ide temperature 
o f  t h e  Zr02 composite i s  p r e d i c t e d  (1500°F as compared t o  3000°F') r e s u l t i n g  
i n  lower char .  The reason f o r  t h i s  i s  t h a t  t h e  thermal c o n d u c t i v i t y  va lues 
used f o r  t h i s  a n a l y s i s  (see Table 24) a r e  approx imate ly  40% as l a r g e  as 
those es t imated  f o r  t h e  p r e l i m i n a r y  a n a l y s i s .  
Thermal s t r e s s  a n a l y s i s  - Thermal s t r e s s  a n a l y s i s  was conducted 
on t h e  des ign presented i n  F i g u r e  52. For  t h e  a n a l y s i s ,  a TRW t h e r m o e l a s t i c  
s t r e s s  a n a l y s i s  computer program was used. This  program, des ignated TRW 
Computer Program 80005, computes t h e  combined thermal and pressure  s t resses  
i n  composite c y l i n d e r s .  For t h e  t h e r m o e l a s t i c  s t r e s s  a n a l y s i s ,  i t  was 
assumed t h a t  the  chamber pressure was 100 p s i a ,  thus t h e  i n t e r n a l  p ressure  
a t  t h e  t h r o a t  s u r f a c e  was about 55 p s i a .  Radia l  temperature d i s t r i b u t i o n s  
used i n  the  s t r e s s  a n a l y s i s  were those p r e d i c t e d  by t h e  heat  t r a n s f e r  
a n a l y s i s  
The r e s u l t s  o f  t h e  s t r e s s  a n a l y s i s  f o r  a f u l l y  suppor ted Zr02 
composite t h r o a t  a r e  presented i n  F i g u r e  55. I n t e r n a l  s u r f a c e  hoop and 
a x i a l  str,esses a r e  p r e d i c t e d  t o  be i n  compression f o r  300 seconds o f  
e lapsed f i r i n g  t ime.  
i s  a hoop s t r e s s  and i s  p r e d i c t e d  t o  occur a t  1 second. The p r e d i c t e d  
compressive s t r e s s  exceeds t h e  compressive s t r e n g t h  o f  t h e  m a t e r i a l  (see 
Table 24) ,  thus a f a i l u r e  o f  the  i n s i d e  s u r f a c e  m a t e r i a l  i n  compression 
i s  p r e d i c t e d .  Wi th  t h e  compressive f a i l u r e  o f  t h e  m a t e r i a l  a t  t h e  i n s i d e  
s u r f a c e ,  the  p r e d i c t e d  s t resses  f o r  t h e  remainder o f  t h e  t e s t  t ime as 
shown i n  F i g u r e  55 a r e  n o t  r e a l i s t i c  because o f  t h e  reduced l o a d ' t r a n s m i t t i n g  
c a p a b i l i t y  of- t h e  m a t e r i a l .  
t h a t  p r e d i c t e d  (see F i g u r e  55).  
The maximum compressive s t r e s s  o f  about 77,000 p s i a  
Thus t h e  hoop t e n s i l e  load would be lower  than 
By comparison w i t h  t h e  p r e l i m i n a r y  a n a l y s i s ,  t h e  p r e d i c t e d  
compressive s t resses  a r e  h i g h  a t  t h e  i n s i d e  s u r f a c e  by a f a c t o r  o f  2 due 
p r i m a r i l y  t o  t h e  g r e a t e r  c o e f f i c i e n t  of  thermal expansion (see F i g u r e  53).  
The p r e d i c t e d  e x t e r n a l  t e n s i l e  s t resses  a r e  lower (by a f a c t o r  o f  4) due t o  t h e  
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Figure 55. Predicted Stress f o r  F u l l y  Supported Zirconia-Tungetaq Composite. 
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This  r e s u l t s  f rom t h e  f a c t  t h a t  a g r e a t e r  area o f  t h e  Zr02 m a t e r i a l  near  
t h e  e x t e r n a l  s u r f a c e  i s  p u t  i n  t e n s i o n  thus reduc ing  t h e  u n i t  t e n s i l e  
s t resses  i n  the  m a t e r i a l .  
3. I n s e r t  Prepara t ion  
The i n s e r t  was f a b r i c a t e d  by i s o s t a t i c  p r e s s i n g  around a removable 
metal  mandrel.  The blended m i x t u r e  o f  z i r c o n i a  and chopped w i r e  was sea led  
i n t o  a rubber  mold around t h e  metal  mandrel and isopressed a t  room temperature 
a t  30,000 p s i  pressure.  The isopressed i n s e r t  i s  p i c t u r e d  i n  F i g u r e  56 
p r i o r  t o  vacuum s i n t e r i n g .  
The pressed i n s e r t  was vacuum s i n t e r e d  f o r  4 hours a t  40OOOF. 
A h e a t i n g  r a t e  o f  25OoF p e r  hour  was used w i t h  a cool-down r a t e  o f  5OO0F 
p e r  hour.  The s i n t e r e d  i n s e r t  was machined t o  t h e  c o n f i g u r a t i o n  shown 
i n  F i g u r e  51. 
displacement as 6.3 g/cc which i s  about 94% o f  t h e o r e t i c a l  d e n s i t y .  
The d e n s i t y  o f  t h e  machined i n s e r t  was measured by w a t e r  
A photograph o f  t h e  completed i n s e r t  i s  shown i n  F i g u r e  57. As 
can be no ted  i n  F i g u r e  57, t h e r e  i s  a c i r c u m f e r e n t i a l  a rea  on t h e  O.D. o f  
t h e  i n s e r t  near t h e  e x i t  end which d i d  n o t  c o n t a i n  enough m a t e r i a l  t o  
f i l l  t h e  f i n a l  con tour  d u r i n g  machinfng, Th is  c o n d i t i o n  was probab ly  caused 
by i n s u f f i c i e n t  pack ing  o f  t h e  materTa1. in  t h i s  arks d u r i n g  t h e  d i e  
loading.  (The presence o f  the  7 v/o o f  f i b e r s  i n  t h i s  composite makes the  
pack ing o f  the  powder i n t o  the  isopress mold very  d i f f i c u l t ) .  As a r e s u l t  
o f  d iscuss ions  w i t h  NASA personnel ,  i t  was decided t h a t  t h i s  v o i d  cou ld  be 
f i l l e d  by the  z i rcon ia -hase s l u r r y  used as a p o t t i n g  m a t e r i a l  when t h e  i n s e r t  
i s  b u i l t  i n t o  t h e  nozz le  assembly. By t h i s  procedure,  the  i n s e r t  would be 
s u i t a b l e  f o r  t e s t  f i r i n g ,  and a c c o r d i n g l y ,  i t  was d e l i v e r e d  t o  NASA f o r  t h a t  
purpose. 
4. Tes t  F i r i n g  and Resul ts  
The t e s t  f i r i n g  was c a r r i e d  o u t  a t  NASA-Lewis Research Center,  
Cleveland, Ohio. 
used a t  a m i x t u r e  r a t i o  o f  2.0. The t e s t  c o n s i s t e d  o f  an i n i t i a l  300-second 
f i r i n g ,  f i v e  20-second pulses and a f i n a l  300-second t e s t .  The t h r o a t  
assembly was removed f rom the t e s t  engine a f t e r  t h e  i n i t i a l  300-second t e s t  
f o r  v i s u a l  examinat ion and photography. The 20-second pulses were c a r r i e d  
o u t  w i t h  a 30 minute c o o l i n g  p e r i o d  between pu lses .  
v i s u a l l y  on t h e  t e s t  s tand a f t e r  each pulse.  
A p r o p e l l a n t  combinat ion o f  N204/50% N2H4-50%UDMH was 
The i n s e r t  was examined 
No loss  o f  performance was observed d u r i n g  any o f  t h e  t e s t  cyc les .  
A s l i g h t  shi-inkage o f  t h e  t h r o a t ,  amounting t o  an 8% decrease i n  t h r o a t  
area occurred.  The decrease i n  t h r o a t  area was a t t r i b u t e d  t o  thermal 
e x p a n s i v i t y  and a volume increase due t o  the  f o r m a t i o n  of  microcracks w i t h -  
i n  the  composi t e .  
A f t e r  t h e  comple t ion  of  t h e  f i n a l  300 second t e s t ,  t h e  i n s e r t  
was removed f rom the  s i l i c a  p h e n o l i c  back-up suppor t  f o r  examinat ion.  
i n s e r t  had developed v i s i b l e  cracks i n  the  m a t r i x  m a t e r i a l  on t h e  O.D. sur face ,  
b u t  no s t r u c t u r a l  f a i l u r e  had occurred. The I . D .  s u r f a c e  was p i t t e d  
and rough, and some s u r f a c e  s p a l l i n g  had occurred,  presumably because o f  
d e t e r i o r a t i o n  o f  t h e  r e i n f o r c i n g  w i r e s  ad jacent  t o  t h e  I . D .  sur face .  
The 
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Figure  56. lsopressed b i l l e t  o f  Type C m a t e r i a l  used i n  f a b r i c a t i n g  t h e  
3 inch I . D .  t h r o a t  i n s e r t .  
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Figure 57. Machined Type C zirconia composite throat insert. 
The i n s e r t  was r e t u r n e d  t o  t h e  TRW M a t e r i a l s  Labora tory  f o r  
p o s t - t e s t  a n a l y s i s .  Th is  a n a l y s i s  i s  d iscussed l a t e r  i n  t h i s  s e c t i o n  o f  
t h e  r e p o r t  where t h e  r e s u l t s  a r e  compared t o  those o f  t h e  var ious  o t h e r  
i n s e r t s  t e s t e d  d u r i n g  t h i s  program. 
Concurrent w i t h  t h e  t e s t i n g  o f  t h e  i n s e r t  o f  t h e  Type C composite, 
an i n s e r t  o f  Type A m a t e r i a l ,  t h a t  had been s u p p l i e d  t o  NASA p r e v i o u s l y  
under a separa te  c o n t r a c t ,  was a l s o  s u b j e c t e d  t o  t h e  same t e s t  f i r i n g  
sequence. 
t e s t  f i r i n g  sequence. However, t h e  Type A comRosite proved t o  be less  
thermal shock r e s i s t a n t  than t h e  Type C m a t e r i a l .  Th is  was e v i d e n t  by t h e  
f o r m a t i o n  o f  f o u r  a x i a l  cracks a t  about 90-degree i n t e r v a l s  i n  t h e  nozz le.  
I n  a d d i t i o n ,  a c i r c u m f e r e n t i a l  c rack  about midway i n  t h e  l e n g t h  o f  t h e  
nozz le  separated t h e  nozz le  i n t o  two washer type  layers .  Except f o r  these 
cracks,  however, very  l i t t l e  d e t e r i o r a t i o n  occurred.  There was no measure- 
a b l e  t h r o a t  e ros ion ,  and t h e  exposed s u r f a c e  showed less  s p a l l i n g  and 
g e n e r a l l y  b e t t e r  appearance then the  Type C n o z z l e  m a t e r i a l ,  
Th is  Type A nozz le  a l s o  s u c c e s s f u l l y  w i t h s t o o d  t h e  700-second 
As s t a t e d  above, these nozzles showed no increase i n  t h r o a t  
d iameter  d u r i n g  t e s t  f i r i n g .  I n  f a c t ,  a s l i g h t  decrease i n  t h r o a t  d iameter  
was g e n e r a l l y  exper ienced d u r i n g  these t e s t s .  There a r e  severa l  mechanisms 
t h a t  c o u l d  account f o r  such a decrease i n  t h r o a t  diameter.  F i r s t ,  t h e  
temperature o f  t h e  nozz le  reaches a temperature i n  excess o f  i t s  o r i g i n a l  
s i n t e r i n g  temperature,  so f u r t h e r  s i n t e r i n g  o f  t h e  nozz le  may t a k e  p lace.  
Because o f  t h e  r e l a t i v e l y  h i g h  d e n s i t y  (90-95% o f  t h e o r e t i c a l )  o f  these 
nozz les and t h e  f a c t  t h a t  these h i g h e s t  temperatures a r e  l o c a l i z e d  a t  t h e  
I.D. s u r f a c e ,  t h i s  e f f e c t  i s  expected t o  be minor.  Another e f f e c t  i s  t h a t  
these h i g h  heat  f l u x  pu lses tend t o  form microcracks w i t h i n  t h e  composite. 
Th is ,  i n  e f f e c t ,  lowers t h e  d e n s i t y  o f  t h e  m a t e r i a l  as i t  expands t o  
accomodate t h i s  mic rocrack ing .  S ince t h e  O.D. o f  t h e  nozz le  i s  r e s t r a i n e d ,  
t h i s  expansion o f  m a t e r i a l  volume r e s u l t s  I n  a decrease i n  t h r o a t  diameter.  
I t  i s  expected t h a t  t h i s  e f f e c t  accounts for  most of t h i s  t h r o a t  r e d u c t i o n  
phenomenon. 
The change i n  t h r o a t  d iameter  f o r  t h e  var ious  nozz les t e s t e d  
i n  t h i s  program a r e  shown i n  F i g u r e  58. The da ta  f o r - t h e  Type C and 
Type A nozz les a r e  shown here  together  w i t h  t h e  da ta  f o r  o t h e r  nozz les  t e s t e d  
l a t e r  i n  t h e  program as discussed below. 
B. Second Re in fo rced I n s e r t  
The purpose o f  t h i s  nozz le  was t o  a l l o w  t h e  i n c o r p o r a t i o n  o f  
any changes i n  m a t e r i a l  and/or des ign t h a t  was i n d i c a t e d  by t h e  t e s t  
f i r i n g  r e s u l t s  o f  t h e  f i r s t  nozz le.  The g e n e r a l l y  success fu l  t e s t  f i r i n g  
of t h e  f i r s t  n o z z l e  i n d i c a t e d  t h a t  on ly  some minor  m a t e r i a l  m o d i f i c a t i o n s  
should be considered. 
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Figure 58. Change in throat diameter during rocket engine test  f i r i n g  f o r  the nozzles 
tested dur i ng th i s program. 
1 .  M a t e r i a l  S e l e c t i o n  
Based on t h e  da ta  generated d u r i n g  t h e  e a r l i e r  p o r t i o n s  o f  t h e  
program and t h e  performance o f  t h e  Type C m a t e r i a l  d u r i n g  t h e  t e s t  f i r i n g ,  
a composite o f  t h e  2.85% MgO-s tab i l i zed  z i r c o n i a  r e i n f o r c e d  w i t h  7 v/o 
o f  3.5 m i l  d iameter x 3/16 i nch  long W-3%Re w i r e  was s e l e c t e d  f o r  t h e  
second t e s t  i n s e r t .  The cho ice  was made t o  p r o v i d e  more o x i d a t i o n  p r o t e c t i o n  
a t  t h e  I . D .  s u r f a c e  by t h e  use o f  a l a r g e r  w i r e  d iameter .  I t  was thought 
t h a t  t h i s  migh t  improve t h e  su r face  s p a l l i n g  c h a r a c t e r i s t i c s  o f  nozzles 
made f rom t h i s  m a t e r i a l .  The i n s e r t  c o n f i g u r a t i o n  and f a b r i c a t i o n  procedures 
were t h e  same as were used i n  producing t h e  f i r s t  o f  t h e  s e r i e s  o f  t e s t  
i n s e r t s .  
A photograph o f  t h e  completed i n s e r t  i s  shown i n  F i g u r e  59. Dens i t y  
o f  t h e  machined i n s e r t  as 
which i s  about 94% o f  t h e o r e t i c a l  d e n s i t y .  
measured by water displacement was 6.2 gfcc 
2. Tes t  F i r i n g  Resu l t s  
The t e s t  engine, f i r i n g  c o n d i t i o n s ,  and nozz le  backup assembly 
were t h e  same as were used f o r  t e s t  f i r i n g  t h e  f i r s t  i n s e r t  i n  t h e  s e r i e s .  
The t e s t  c y c l e  used f o r  t h e  second i n s e r t  cons i s ted  o f  3 300- 
second i n i t i a l  f i r i n g ,  f i v e  20-second pu lses  and a 29$-second f i n a l  t e s t  
f i r i n g .  
ran o u t  o f  f u e l .  
The f i n a l  p u l s e  was te rmina ted  a t  295 seconds when t h e  engine 
A s l i g h t  amount o f  t h r o a t  e ros  on was noted d u r i n g  t h e  f i n a l  
a5+second t e s t  as i n d i c a t e d  by a s l i g h t  inc rease i n  f u e l  f l o w .  Measure- 
ments o f  t h e  i n s e r t  a t  t h e  conc lus ion  o f  t h e  t e s t  d i s c l o s e d  a s l i g h t  
c l o s e - i n  amounting t o a  0.016 inch  reduc t  on i n  t h e  t h r o a t  r a d i u s .  The 
c l o s e - i n  o f  t h e  t h r o a t  was a t t r i b u t e d  t o  an inc rease i n  t h e  volume o f  
t h e  i n s e r t  due t o  m ic roc rack  fo rma t ion  as discussed above. 
t h e  f i r s t  t h r o a t  i n s e r t ,  which underwent no e r o s i o n  d u r i n g  t h e  t e s t  
f i r i n g ,  had a t h r o a t  r a d i u s  c l o s e - i n  o f  0.040 inches. Th is  r e l a t i o n -  
s h i p  i s  shown g r a p h i c a l l y  i n  F i g u r e  58. 
For comparison, 
T h i s  i n s e r t  r e t a i n e d  s t r u c t u r a l  i n t e g r i t y  a f t e r  t h e  f i r i n g  
sequence, so i t  was removed from i t s  back-up s t r u c t u r e  i n  one p i e c e  
f o r  subsequent p o s t - t e s t  a n a l y s i s .  
C .  Un re in fo rced  Z i r c o n i a  I n s e r t  
I n  o r d e r  t o  o b t a i n  a d e f i n i t i v e  demonst ra t ion  o f  t h e  impor tan t  
f u n c t i o n  o f  t h e  r e i n f o r c i n g  w i r e s  i n  a r e i n f o r c e d  ox ide ,  an u n r e i n f o r c e d  
nozz le  was produced o f  t h e  same m a t r i x  m a t e r i a l  and by t h e  same process ing  
as t h e  r e i n f o r c e d  nozz le .  
t h e  best  u n r e i n f o r c e d  nozz le  a v a i a b l e  by c u r r e n t  ceramic technology, b u t  
i t  would serve as a v a l i d  e m p i r i c a l  demonstrat ion o f  any improvement 
a f fo rded  t o  a ceramic s t r u c t u r e  by t h e  r e i n f o r c i n g  w i res .  
T h i s  approach would n o t  be expected t o  produce 
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Figure  59. Second z i r c o n i a  composite t h r o a t  i n s e r t  Type C (modi f ied)  
3 . 5  m i l  w i r e  7 v/o. 
1. I n s e r t  Prepara t ion  
The t h i r d  i n s e r t  was f a b r i c a t e d  w i t h  the  same un re in fo rced  
z i r c o n i a  m a t r i x  m a t e r i a l  t h a t  was used i n  the  f i r s t  two t e s t  i n s e r t s .  The 
s i n t e r i n g  o f  c rack - f ree  compacts o f  un re in fo rced  z i r c o n i a  however, proved 
d i f f i c u l t .  The process ing parameters used t o  f a b r i c a t e  r e i n f o r c e d  composite 
s t r u c t u r e s  were no t  a p p l i c a b l e  t o  the f a b r i c a t i o n  o f  r e l a t i v e l y  massive 
un re in fo rced  s t r u c t u r e s .  
The use o f  the f i n e  p a r t i c l e  s i z e  ZrO powder, needed t o  i nsu re  
good bonding i n  the  composite m a t e r i a l s ,  r e s u l t e 3  i n  shr inkage cracks when 
un re in fo rced  compacts were s i n t e r e d  w i t h  the  same cyc les  as were used f o r  
f a b r i c a t i n g  composite ma te r ia l s ,  The pressed i n s e r t  was s i n t e r e d  a t  a 
heat-up r a t e  o f  2.$O°F/hr (used f o r  composite m a t e r i a l s )  and cracked severe ly .  
Another p ress ing  was then s i n t e r e d  us ing  a heat-up r a t e  o f  167"F/hr. Th is  
i n s e r t ,  shown i n  F igu re  61, a l s o  cracked, i n d i c a t i n g  t h a t  extending the  
heat-up cyc les  a lone would no t  e l i m i n a t e  the  problem. Accord ing ly ,  a powder 
b lend con ta in ing  a m i x t u r e  o f  f i n e  and coarse p a r t i c l e s  was se lec ted  t o  
min imize s i n t e r i n g  shr inkage.  The m a t e r i a l  f rom the f i r s t  as -s in te red  nozz le  
was crushed t o  y i e l d  a coarse g rou t  which was blended w i t h  t h e  f i n e r  as- 
rece ived z i r c o n i a  powder as f o l l o w s :  
30% Crushed g rou t  f rom scrap nozz le - (-40 +325 mesh) 
45% 2.85% MgO-stabi 1 i zed  Zr02 - F ine  Texture 
25% 2.85% MgO-stabi 1 i zed Zr02 - Medi urn Texture 
This  m a t e r i a l  was isopressed and then vacuum-sintered. The 
normal 4-hour vacuum s i n t e r i n g  t reatment  was used except t h a t  the heat-  
up and cool-down r a t e  were reduced t o  60°F/hr. The nozz le the re fo re ,  requ i red  
a 66-hour program t o  reach temperature and another  66 hours t o  cool  down 
be fo re  removal f rom the  furnace.  
The as -s in te red  nozz le  was sound ( i n  one p iece  w i t h  no c racks) .  
However, extreme res idua l  s t resses  i n  the  p a r t  were evidenced by spontaneous 
O.D. su r face  s p a l l i n g  and edge c rack ing  occur i - ing a f t e r  t he  nozz le was 
removed from the  s i n t e r i n g  furnace.  None o f  t h e  su r face  s p a l l i n g  o r  crack- 
i n g  was deep enough t o  a f f e c t  the  as-machined dimensions. Dur ing machining, 
a l o n g i t u d i n a l  c rack  running t h e  length  o f  t he  nozz le  developed. However, 
s i n c e  the  i n s e r t  was s t i l l  i n  one p iece,  the  machining was completed and 
the  i n s e r t  d e l i v e r e d  t o  NASA f o r  t e s t  f i r i n g .  The machined i n s e r t  i s  shown 
i n  F igu re  61. The dens i t y  o f  the f i n i s h e d  nozz le  was 5.4 g/cc which i s  about 
92% o f  t h e o r e t i c a l .  There was no measurable open p o r o s i t y  i n  the nozz le.  
Figure  60.  As-sintered unre inforced z i r c o n i a  i n s e r t  showing e f f e c t s  
o f  the  167'F/hr h e a t i n g  r a t e  during the  s i n t e r i n g  cyc le .  
Figure  61. Unreinforced n o z z l e  made from 2.85% MgO s t a b i l i z e d  
z i r c o n i a  powder. 
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2 .  Test  F i r i n g  and Resu l ts  
The f i r i n g  t e s t  was conducted under the  same cond i t i ons  as t h e  
preceding two i n s e r t s  t e s t e d  i n  t h i s  program. 
The i n i t i a l  t e s t  f i PI ng was aborted a f t e r  6.7 seconds because o f  
increased p r o p e l l e n t  requirements t o  ma in ta in  a cons tan t  chamber pressure 
which i n d i c a t e d  an inc rease i n  t h r o a t  area t o  approximately 25%. Examination 
o f  the  i n s e r t  a f t e r  t he  t e s t  revealed an increase o f  t h e  t h r o a t  rad ius  o f  
0.182 inches. 
Because t h e  i n s e r t  was s t d l l  s t r u c t u r a l l y  sound i t  was decided 
t o  r e f i r e  i t .  The second f i r i n g  was stopped a f t e r  15 seconds because o f  
excessive p r o p e l l a n t  requirement i n d i c a t i n g  excessive t h r o a t  e ros ion .  
Erosion o f  t he  t h r o a t  d u r i n g  bo th  t e s t  f i r i n g s  was continuous. The t h r o a t  
rad ius  had eroded 0.327 inches a f t e r  t he  second t e s t  and the  i n s e r t  had 
developed numerous cracks ex tend ing  through the  w a l l s .  The presence o f  t h e  
o r i g i n a l  l o n g i t u d i n a l  crack,  which occurred d u r i n g  machining o f  t h e  i n s e r t ,  
had apparen t l y  p layed no p a r t  i n  the  f a i l u r e  o f  t he  i n s e r t .  
The mechanism o f  e ros ion  appears t o  be a f r a c t u r e  o f  granules o f  
z i r c o n i a  a t  the  h o t  face  due t o  su r face  thermal shock cracking. The loose 
granules a r e  then swept away by the  gas stream. Mechanical e r o s i o n  a lone 
appears t o  have l i t t l e ,  i f  any, e f f e c t  on the  e ros ion  r a t e .  
D. Post Test Ana lys i s  o f  Nozzle I n s e r t s  
Both the  f i r s t  (Type C )  and second (mod i f i ed  Type C) t h r o a t  
i n s e r t s  were examined a f t e r  t h e i r  respec t i ve  t e s t  f i r i n g  cyc les  t o  determine 
t h e i r  degree and t ype  o f  degradat ion.  This examinat ion cons is ted  o f  v i s u a l ,  
me ta l l og raph ic ,  and e l e c t r o n  microprobe analyses o f  t h e  nozzles.  
1 .  Visua l  Examination 
The main f e a t u r e  o f  bo th  nozzles was t h a t  some r e a c t i o n  o f  t h e  
exposed su r face  had taken place. Th is  r e s u l t e d  i n  a roughening and some 
s p a l l i n g  o f  t he  sur face .  
Type C i n s e r t  than on the  f i r s t  Type C i n s e r t .  N e i t h e r  o f  t he  i n s e r t s  
showed any evidence o f  reac t i ons  between the  back-up m a t e r i a l s  and the  
i n s e r t  m a t e r i a l ,  a l though bo th  i n s e r t s  were darker  i n  c o l o r  a f t e r  the  t e s t  
f i r i n g  due t o  a s l i g h t  amount o f  carbon p ickup from t h e  suppor t i ng  s t r u c t u r e s .  
Views showing the  i n s i d e  su r face  o f  these nozzles a r e  shown i n  F igures  62 
and 63. 
Th is  e f f e c t  was more apparent on the  mod i f i ed  
Aside f rom t h i s  su r face  s p a l l i n g ,  t h e  o t h e r  main type  o f  degradat ion  
apparent by v i s u a l  examinat ion was an i r r e g u l a r  p a t t e r n  o f  m ic roc rack ing  
observed on the  O.D.  o f  t h e  i n s e r t .  The cracks i n  'the f i r s t  (Type C) i n s e r t  
were s l i g h t l y  more numerous and s m a l l e r  than those observed on t h e  second 
(mod i f ied  Type C) i n s e r t .  Views i l l u s t r a t i n g  t h i s  a r e  shown i n  F igures  64 
and 65. 
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Figure  62. Type C (7  v/,o o f  2.0 m i l  w i r e )  z i r c o n i a  composite t h r o a t  





F i g u r e  63. Type C mod i f ied .  (7 v/o of 3.5 m i l  w i r e )  z i r c o n i a  composite 
t h r o a t  i n s e r t  a f t e r  700-second t e s t  f i r i n g .  
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Flgure 64, Type C (7 v l o  o f  2.0 m i 1  w i re )  x lrconie composite th roat  
Insert a f t e r  900 second t e s t  Q i r f n g ,  
Figure  65.  Type C modi f ied  (7 v/o o f  3 .5  m i l  w i r e )  z i r c o n i a  composite 
t h r o a t  i n s e r t  a f t e r  700 second t e s t  f i r i n g .  
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Visua l  examinat ion o f  t h e  c ross -sec t i on  o f  these nozzles (F igures 
66 and 67) show t h e  ex i s tance  o f  these microcracks.  Some i n d i c a t i o n  
concern ing  t h e  depth o f  m a t e r i a l  d e t e r i o r a t i o n  f rom t h e  I . D .  su r face  can 
also be gleaned f rom such an examinat ion.  
The t e s t  f i r i n g  o f  t h e  Type C m a t e r i a l  c o n t a i n i n g  7 v /o  o f  2 m i l  
d iameter w i r e  r e s u l t e d  i n  a f l n a l  n e t  t h r o a t  r a d i u s  r e d u c t i o n  o f  0.040 inch 
compared t o  0.016 inch  f o r  t h e  second i n s e r t  which conta ined t h e  3.5 m i l  
d iameter w i r e .  T h i s  i n d i c a t e s  t h a t  t h e  2.0 m i l  w i r e  o f f e r e d  more e r o s i o n  
p r o t e c t i o n  t h a t  t h e  3.5 m i l  w i r e  re in fo rcement .  Th i s  agrees w i t h  t h e  
o b s e r v a t i o n  t h a t  t h e  I . D .  s u r f a c e  o f  t he  2.0 m i l  composite was l e s s  
roughened by t h e  700 second t e s t  f i r i n g  than the  I . D .  su r face  o f  t h e  3.5 
m i l  composite. 
2. M e t a l l o g r a p h i c  Examination 
Another measure o f  m a t e r i a l  degradat ion  d u r i n g  t e s t  f i r i n g  was 
ob ta ined  by meta l lography .  
T y p i c a l  m i c r o s t r u c t u r e s  o f  these m a t e r i a l s  a f t e r  t e s t  f i r i n g  a r e  
shown i n  F igu res  68 and 69, 
h o t  face a t  t h e  t h r o a t  c e n t e r l i n e .  The h o t  f ace  has a spongy appear ing  
zone approx imate ly  5 m i l s  t h i c k .  The spongy e f f e c t  i s  due t o  d i f f u s i o n  
o f  t h e  tungs ten  3% rhenium w i r e  i n t o  the  z i r c o n i a  and subsequent-removal 
by o x i d a t i o n .  The composite s t r u c t u r e  immediately behind t h i s  l a y e r  appears 
u n a f f e c t e d  except f o r  t h e  presence o f  mic rocracks  and a s l i g h t  r e c r y s t a l l i z a t i o n  
o f  t h e  tungs ten  a l l o y  w i r e .  The m i c r o s t r u c t u r e  o f  t h e  i n t e r i o r  o f  t h e  composite 
shown i n  F i g u r e  69, i s  a l s o  u n a f f e c t e d  except f o r  t he  mic rocracks  between 
t h e  suppor t i ng  w i res .  
F i g u r e  68 shows a c ross  s e c t i o n  o f  t h e  
3 .  Microprobe A n a l y s l s  
Microprobe a n a l y s i s  was performed by t h e  same techniques used 
p r e v l o u s l y  on t h e  o x i d a t i o n  t e s t e d  composite specimens. As be fo re ,  t h e  
presence o f  tungs ten  was measured as a f u n c t i o n  o f  t he  d i s t a n c e  from t h e  
exposed su r face  o f  t h e  specimen. The da ta  were more d i f f i c u l t  t o  i n t e r p r e t  
i n  these nozz les  because o f  t h e  su r face  s p a l l i n g  and mic rocracks  present  
I n  the  s t r u c t u r e .  Nonetheless, t he  general  behav io r  was t h e  same as t h a t  
shown i n  t h e  microprobe t r a c e  ob ta ined  on t h e  o x i d a t i o n  specimen (F igu re  44). 
That i s ,  t h e  su r face  was dep le ted  i n  tungsten; an i n te rmed ia te  zone showed 
an in te rmed ia te  l e v e l  o f  tungs ten  d i f f u s e d  throughout t h e  z i r c o n i a ;  and an 
una f fec ted  zone was present  w i t h  t h e  expected i n t e r m i t t e n t  tungs ten  s i g n a l  
cor respond ing  t o  t h e  f i b e r  l o c a t i o n s .  This  i n f o r m a t i o n  suppor ts  t h e  
cha rac te r  o f  t h e  composites t h a t  i s  ev iden t  by m e t a l l o g r a p h i c  a n a l y s i s .  
4. Summary o f  Nozzle Eva lua t i on  
From t h e  general  depth o f  d e t e r i o r a t i o n  found i n  these nozz les  
coupled w i t h  the  f a c t  t h a t  t h r o a t  sh t lnkage r a t h e r  than t h r o a t  e r o s i o n  
occur red ,  i t  appears t h a t  these nozzles cou ld  have s u c c e s s f u l l y  w i t h s t o o d  
even longer  f i r i n g  t imes.  I t  i s  expected t h a t  t h e  m ic roc rack ing  would 
e v e n t u a l l y  lead t o  f u r t h e r  s p a l l i n g  by f i b e r  loss due t o  o x i d a t i o n .  
F i g u r e  6 6 .  Cross s e c t i o n  o f  z i r c o n i a  composite t h r o a t  i n s e r t  
Type C m a t e r i a l ,  (7 v/o o f  2.0 m i  1 w i r e )  a f t e r  
700 second t e s t  f i r i n g .  
F i g u r e  67. Cross s e c t i o n  o f  z i r c o n i a  composite t h r o a t  i n s e r t  
Type C m o d i f i e d  (7 v/o o f  3.5 m i l  w i r e ) ,  a f t e r  
700-second t e s t  f i r i n g .  
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Figure  68. Throat  cross-sect ion o f  post f i r e d  i n s e r t ,  Type C 
modi f ied composite m a t e r i a l .  
F igure  69. I n t e r i o r  s e c t i o n  o f  post f i r e d  i n s e r t ,  Type 




This  would f i n a l l y  r e s u l t  i n  t h r o a t  e ros ion .  The p a r a b o l i c  o x i d a t i o n  
r a t e  i n d i c a t e d  i n  the p r o p e l l a n t  o x i d a t i o n  t e s t s  i n d i c a t e d  t h a t  such 
degradat ion ,  however, m igh t  t ake  i n c r e a s i n g  amounts o f  t ime  f o r  equal 
increments o f  d e t e r i o r a t i o n  t o  occur.  
The m o d i f i e d  Type C m a t e r i a l  con ta ined 3.5 m i l  w i res  r a t h e r  
than the  2-mi l  w i r e s  o f  t he  i n i t i a l  Type C i n s e r t .  Th i s  change was 
made t o  r e t a r d  t h e  e f f e c t s  o f  f i b e r  o x i d a t i o n  by v i r t u e  o f  t h e  t h i c k e r  
w i res .  Making t h i s  change w h i l e  keeping t h e  same volume percentage o f  
w i res ,  r e s u l t s  i n  about a f i v e - f o l d  decrease i n  the  number o f  w i r e s  i n  the 
composite. The r e s u l t i n g  r e d u c t i o n  i n  the homogeneity o f  t h e  composite 
apparen t l y  outweighs any improvement i n . t h e  f i b e r  o x i d a t i o n  behav io r .  
The o r i g i n a l  Type C m a t e r i a l  w i t h  t h e  2-mi l  w i r e  remained the  most prom 
composite s t u d i e d  i n  t h i s  program based on t h e  combined c r i t e r i a  o f  
r e s i s t a n c e  t o  c rack ing ,  su r face  c h a r a c t e r i s t i c s ,  and e r o s i o n  r e s i s t a n c e  
This  m a t e r i a l  o f f e r s  t h e  bes t  s t a r t i n g  p o i n t  f o r  deve1oping;any f u r t h e r  
m o d i f i c a t i o n s  t h a t  may be  r e q u i r e d  f o r  o t h e r  s p e c i f i c  a p p l i c a t i o n s .  
s i n g  
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CONCLUDING REMARKS 
Th is  f i n a l  s e c t i o n  o f  t h e  r e p o r t  w i l l  comment on t h e  r e s u l t s  
o f  t h e  program f rom an o v e r a l l  perspec t ive .  These comments w i l l  serve 
as a b a s i s  for  d i s c u s s i n g  some o f  the  f u t u r e  p o s s i b i l i t i e s  o f  e x p l o i t i n g  
t h e  technology developed i n  t h i s  program. 
A. General Program Resul ts  
As a frame o f  re fe rence,  t h e  o b j e c t i v e  o f  t h e  program was t o  
o b t a i n  an understanding o f  t h e  v a r i a b l e s  assoc ia ted  w i t h  w i r e - r e i n f o r c e d  
z i  r c o n l a  t h r o a t  i n s e r t s  and, thereby,  develop improved t h r o a t  i n s e r t s  
o f  t h i s  composite m a t e r i a l  i n  a l a r g e r  s i z e  than p r e v i o u s l y  demonstrated. 
T h i s  dual  o b j e c t i v e  o f  o b t a i n i n g  bo th  b a s i s  knowledge and improved hard- 
ware was met i n  t h i s  program. The t e s t  f i r i n g  r e s u l t s  descr ibed i n  t h i s  
r e p o r t  demonstrated the  improvements ob ta ined i n  n o z z l e  i n s e r t  performance.. 
The b a t t e r y  o f  t e s t s  and e v a l u a t i o n  techniques used throughout  t h e  s tudy  
a l lowed a s y s t e m a t i c  approach t o  t h e  o p t i m i z a t i o n  o f  t h i s  t y p e  o f  composite 
m a t e r i a l  
From a l l  o v e r a l l  e v a l u a t i o n ,  t h e  Type C composi te was shown t o  
be t h e  b e s t  m a t e r i a l  s t u d i e d  f o r  t h i s  a p p l i c a t i o n .  A t  t h e  s t a r t  o f ' t h e  
program, an F410 m a t r i x  m a t e r i a l  u s i n g  5 v /o o f  3.5 m i l  d iameter  w i r e  
c o u l d  be considered the  s t a t e - o f - t h e - a r t .  T h i s  program, t h e r e f o r e ,  
i d e n t i f i e d  a d i f f e r e n t  m a t r i x  m a t e r i a l  (2.85% MgO-stabi l ized z i r c o n i a )  
a d i f f e r e n t  w i r e  d iameter  ( 2 - m i l s ) ,  and a d i f f e r e n t  w i r e  conten t  (7 v/o) 
as t h e  c o n s t i t u e n t s  o f  t h e  optimum Type C composite. 
I t  may seem s u r p r i s i n g  t h a t  even a g r e a t e r  depar tu re  f rom pas t  
p r a c t i c e  was n o t  i n d i c a t e d  i n  t h i s  program. I t  i s  noted, f o r  ins tance,  
t h a t  t h e  p r i o r  " s t a t e - o f - t h e - a r t "  m a t e r i a l  i s  nomina l l y  t h e  Type A composite, 
which can be considered t h e  "runner-up" composi te i n  t h i s  program. I t  i s  
f u r t h e r  noted t h a t  t h e  r e i n f o r c i n g  w i r e  a l l o y  used p r i o r  t o  t h i s  program a l s o  
was shown i n  t h i s  program t o  be the  bes t  a v a i l a b l e  f o r  t h i s  a p p l i c a t i o n .  
Based on such c o n s i d e r a t i o n s ,  i t  may seem t h a t  a l o t  o f  e f f o r t  was expended 
i n  t h i s  program t o  develop what may appear t o  be o n l y  minor changes and 
improvements i n  t h i s  m a t e r i a l .  One answer t o  t h i s  assessment i s  t h a t  these 
pas t  e f f o r t s ,  a l though based on sound m e t a l l u r g i c a l  and ceramic technology,  
were indeed f o r t u n a t e  t o  come as c l o s e  as they d i d  t o  an op t im ized m a t e r i a l  
w i t h  t h e  l i m i t e d  exper imenta l  e f f o r t  t h a t  was assoc ia ted  w i t h  them. 
I n  a d d i t i o n  t o  hardware improvement, a major c o n t r i b u t i o n  o f  
t h e  present  program was t h e  d e f i n i t i o n  o f  some o f  t h e  b a s i c  f a c t o r s  p e r t i n e n t  
t o  t h e  development o f  an e f f e c t i v e  r e i n f o r c e d  ceramic. As a r e s u l t  o f  t h i s  
f a c e t  o f  the  program, t h e  behav io r  o f  t h e  Type C composite, f o r  example, i s  
p r e d i c t a b l e .  Furthermore, i t  i s  known what general  e f f e c t s  v a r i a t i o n s  i n  
w i r e  c o n t e n t ,  s i z e ,  e t c .  w i l l  have on t h e  p r o p e r t i e s  o f  t h e  composite. There- 
f o r e ,  some f i r m  g u i d e l i n e s  a r e  a v a i l a b l e  f o r  use i n  f u r t h e r  development o f  
t h i s  t y p e  o f  m a t e r i a l .  
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An example o f  t h i s  i s  t h e  Type A composite which, as noted 
above, i s  t h e  same nominal composi t ion as used p r i o r  t o  t h i s  program. 
Considerable d i f f i c u l t y ,  however, had been encountered i n  f a b r i c a t i n g  t h i s  
m a t e r i a l  i n  the  pas t  because o f  p a r t i c l e  s i z e  v a r i a t i o n s  e x i s t i n g  between 
va r ious  l o t s  o f  t h e  same nominal F410 z i r c o n i a  powder. Th i s  f a c t o r  was 
recognized i n  t h i s  program, and t h e  F410 p a r t i c l e  s i z e  was p r o p e r l y  
c o n t r o l l e d  so t h a t  des i reab le ,  rep roduc ib le  r e s u l t s  were ob ta i i ned 'w i th  the  
Type A composite. I n  t h i s  regard,  t h e  Type A composite, a l though 
nomina l l y  e q u i v a l e n t  t o  p r i o r  m a t e r i a l ,  a c t u a l l y  represents  an improved 
composite r e s u l t i n g  f rom t h i s  program. Equa l ly  important Is t h e  f a c t  
t h a t  t h i s  z i r c o n i a  m a t r i x  m a t e r i a l  can be s p e c i f i e d  i n  the  f u t u r e  and 
can be expected t o  r e s u l t  i n  t h e  d e s i r e d  composite p r o p e r t i e s .  
Some comments a r e  i n  o rde r  concerning t h e  Type C composite 
m a t e r i a l .  F i r s t  o f  a l l ,  i t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  m a t r i x  
m a t e r i a l  (2.85% MgO-stabil i zed ,  f i n e - t e x t u r e  z i r c o n i a )  was no t  one o f  
t he  most p romis ing  m a t e r i a l s  based on thermal shock behav io r  o f  t h e  
un re in fo rced  samples ( r e f e r  t o  Tab le  1 3 ) .  The medium-texture sample 
o f  t h i s  same composi t ion d i8 ;  however, show good thermal shock p r o p e r t i e s ;  
i t  consequently became a c o n s t i t u e n t  o f  t he  Type B composite. 
e v a l u a t i n g  these composites c o n t a i n i n g  the  medium-texture z i r c o n i a ,  i t  
appeared t h a t  a f i n e r  p a r t i c l e  s i z e  o f  z i r c o n i a  would be d e s i r a b l e  t o  
g i v e  increased d e n s i t y  i n  the  composite. The f i n e - t e x t u r e d  z i r c o n i a  o f  
t h i s  same composi t ion was, t h e r e f o r e ,  r e i n s t a t e d  i n t o  t h e  program as a 
c o n s t i t u e n t  o f  a r e i n f o r c e d  composite. The f i n e r  w i r e  proved more 
compat ib le w i t h  t h i s  f i n e r  z i r c o n i a .  The f i n e r  w i r e  a l s o  was more 
adaptable t o  h ighe r  w i r e  contents,  so t h e  f i n a l  Type C composite conta ined 
7 v/o o f  t h e  2-mi l  w i res .  
5 v/o o f  3.5 m i l  w i r e  (Type B composite) bu t  was shown t o  be i n f e r i o r  t o  
t h e  Type C composite by the  rocke t  engine exhaust o x i d a t i o n  t e s t s .  
Type C composite was, t he re fo re ,  chosen as t h e  m a t e r i a l  t o  be used f o r  t h e  
t h  koa t 1 n s e f f  f ab ri c a t i o n  
I n  
The medium-texture composi t ion was used w i t h  
The 
Changing t h e  r e i n f o r c i n g  w i r e  diameter i n  t h e  f i n e - t e x t u r e d '  
z i r c o n i a  from 2-mi l  t o  3 . 5 - m i l  t o  form a "mod i f ied  Type C" composite 
a l s o  r e s u l t e d  i n  a sound composite s t r u c t u r e .  However, t he  second t h r o a t  
i n s e r t ,  which i nco rpo ra ted  t h i s  m o d i f i c a t i o n ,  showed no improvement i n  
t e s t  f i r i n g  behavior. .  I n  f a c t ,  s l i g h t l y  increased s p a l l i n g  o f  t h e  exposed 
su r face  was encountered. Therefore,  t h e  unmodif ied Type C composite 
remains t h e  bes t  o v e r a l l  m a t e r i a l  f o r  t h i s  a p p l i c a t i o n .  
The i n d i s p e n s i h l e  r o l e  o f  t h e  f i b e r s  I n  impar t i ng  d u r a b i l i t y  
t o  t h e  composite was d r a m a t i c a l l y  i l l u s t r a t e d  by t h e  t e s t  f i r i n g  
r e s u l t s  o f  t h e  un re in fo rced  nozzle.  Whereas t h e  r e i n f o r c e d  nozzles 
w i ths tood  a 700-second accumulat ion o f  rocke t  f i r i n g  w i t h  no measureable 
t h r o a t  e ros ion ,  t h e  u n f e i n f o r c e d  nozz le  experienced a 25% t h r o a t  area 
inc rease i n  j u s t  7 seconds o f  t e s t  f i r i n g .  T h i s  he lps  demonstrate the  
promise t h a t  f i b e r  re in fo rcement  ho lds  I n  ex tend ing  t h e  use o f  ceramics f o p  
bo th  rocke t  nozzles and o t h e r  a p p l i c a t i o n s  where ceramics a r e  d e s i r a b l e  
except f o r  t h e i r  b r i t t l e n e s s  and thermal shock l i m i t a t i o n s .  
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B. Poss ib le  Fu ture  A p p l i c a t i o n s  
The above d i scuss ion  shows t h a t  t h i s  program has developed 
a promis ing  rocke t  nozz le  i n s e r t  m a t e r i a l .  Some comments w i l l  be made 
here  regard ing  how t h i s  t ype  o f  m a t e r i a l  may f i n d  some s p e c i f i c  
appl  i c a t i o n s .  
F i r s t  o f  a l l ,  t h i s  program has shown t h a t  t h e  Type C composite 
can be made i n t o  s a t i s f a c t o r y  nozzles up t o  a t  l e a s t  3 inches i n  
t h r o a t  diameter f o r  a p p l i c a t i o n  in t h e  N204-hydrazine t ype  o f  p r o p e l l a n t  
systems opera t i ng  a t  100 p s i a  chamber pressure.  For m u l t i - p u l s e  a p p l i c a -  
t i o n s  n o t  exceeding 700 seconds o f  f i r i n g  t ime, t h i s  m a t e r i a l  concept 
can be used w i t h  conf idence. 
Extended usage should a l s o  be considered. Th is  ex tens ion  
may t a k e  p lace  i n  one o f  t h e  f o l l o w i n g  ways: 
1 .  Extended number o f  cyc les  o r  f i r i n g  t ime  
2 .  Increase i n  nozz le  s i z e  
3. Increase o f  s e v e r i t y  o f  f i r i n g  cond i t i ons .  
1 .  Extended F i r i n g  Times 
Under t h e  t e s t  c o n d i t i o n s  used i n  t h i s  program, t h e r e  was no 
n e t  inc rease i n  t h r o a t  area f o r  these r e i n f o r c e d  nozzles.  The degree 
o f  m a t e r i a l  degradat ion  and i n d i c a t e d  mechanisms o f  a t t a c k  would suggest 
t h a t  these nozzles r e t a i n e d  a s i g n i f i c a n t  p r o p o r t i o n  o f  t h e i r  u s e f u l  
l i f e  a f t e r  t h e  700 second f i r i n g  sequence. 
w i t h  respec t  t o  longer per iods  o f  sus ta ined f i r i n g  and w i t h  respec t  t o  
a d d i t i o n a l  f i r i n g  pulses.  I f  such a longer - t ime a p p l i c a t i o n  e x i s t s ,  t h i s  
t ype  o f  nozz le  i n s e r t  should be t e s t e d  under these extended c o n d i t i o n s  
t o  assess j u s t  what i s  t h e i r  l i f e  expectancy be fo re  s i g n i f i c a n t  l o s s  o f  
engine performance i s  encountered. 
Th is  would be t r u e  bo th  
2 .  Laraer Throat  Sizes 
As t h e  s i t e  of t h r o a t  i n s e r t s  increase, severe problems a r e  
faced bo th  w i t h  respec t  t o  f a b r i c a t i o n  d i f f c u l t i e s  o f  l a r g e  ceramic 
s t r u c t u r e s  and a l s o  i n  regard t o  t h e  increased s e v e r i t y  o f  thermal 
g r a d i e n t s  and r e s u l t a n t  s t resses  assoc ia ted  w i t h  t h e  use o f  more 
massive nozz le  t h r o a t s .  T h i s  program was success fu l  i n  s c a l i n g  up 
t h i s  t ype  o f  composite f rom 1- inch  t h r o a t  t o  3 - inch  t h r o a t s .  J u s t  
how much a d d i t i o n a l  sca l i r ' lg  n p : i s ' f e a s i b l e  can be f i n a l + y  'determined 
o n l y  by a s u i t a b l e  exper imental  program l o g i c a l l y  assoc ia ted  w i t h  some 
s p e c i f i c  a p p l i c a t i o n .  
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As t h i s  r e p o r t  i s  b e i n g  w r i t t e n ,  one such a p p l i c a t i o n  i s  b e i n g  
exp lo red  w i t h i n  TRW. Th is  i s  t h e  n o z z l e  o f  the  Lunar Module Descent Engine 
(LMDE). 
which,  i n  t u r n ,  r e q u i r e s  a ceramic s t r u c t u r e  o f  about 12 inches i n  o v e r a l l  
dimension. Th is  w i l l  indeed b e  a s i g n i f i c a n t  s t e p  forward i f  a one-piece 
nozz le  i n s e r t  can be s u c c e s s f u l l y  a p p l i e d  t o  t h i s  a p p l i c a t i o n .  
T h i s  n o z z l e  des ign w i l l  r e q u i r e  a t h r o a t  of about 7 inches diameter,  
One p o s s i b l e  way o f  b u i l d i n g  l a r g e r  i n s e r t s  f rom t h i s  m a t e r i a l  
i s  t o  use a segmented design, a l a y e r e d  design, o r  a combinat ion o f  these 
concepts. Th is  may f a c i l i t a t e  bo th  t h e  f a b r i c a t i o n  and performance 
l i m i t a t i o n s  t h a t  may o t h e r  w ise  be faced i n  such massive ceramic p a r t s .  
For example, t h e  Type A nozz le ,  produced under separate c o n t r a c t  b u t  
discussed above i n  regard t o  i t s  comparat ive performance, formed a x i a l  
cracks a t  about 90 degrees around t h e  i n s e r t .  I n  a d d i t i o n ,  a c i r c u m f e r e n t i a l  
crack was formed which e f f e c t i v e l y  separated t h e  nozz le  i n t o  two washer-type 
layers .  T h i s  behav io r  would i n d i c a t e  t h a t  i f  a segmented - layered des ign 
had been used, each c o n s t i t u e n t  segment would n o t  encounter a severe enough 
thermal s t r e s s  t o  fo rm f u r t h e r  c rack ing .  T h i s  s p e c i f i c  approach i s ,  i n  f a c t ,  
b e i n g  pursued under c u r r e n t  NASA c o n t r a c t  which s p e c i f i e s  a 3 - inch  t h r o a t  
i n s e r t  o f  Type A composite (chosen f o r  i t s  good s u r f a c e  c h a r a c t e r i s t i c s  and 
freedom f r o m  s p a l l i n g )  t o  be made i n  3 washer-type l a y e r s  each d i v i d e d  i n t o  
4 r a d i a l  segments ( f o r  a 12-piece n o z z l e ) .  
the f e a s i b i l i t y  of t h i s  approach f o r  o t h e r  l a r g e r - s i z e  nozz le  t h r o a t  designs. 
3. More Severe F i r i n g  Cond i t ions  
Th is  would should h e l p  demonstrate 
< 
T h i s  one a d d i t i o n a l  avenue o f  extended a p p l i c a t i o n  f o r  r e i n f o r c e d  
o x i d e  nozz les i n v o l v e s  t h e  o p e r a t i o n  o f  r o c k e t  engines under more severe 
(and cor respond ing ly  more e f f i c i e n t )  c o n d i t i o n s  by v a r i a t i o n  e i t h e r  o f  
chamber pressure,  o x i d a n t - f u e l  r a t i o ,  o r  type  o f  p r o p e l l a n t  system. Z i r c o n i a  
mel ts  i n  t h e  4 7 O O O F  temperature range, so t h e  increased t h r o a t  temperatures 
r e s u l t i n g  f rom more severe o p e r a t i n g  c o n d i t i o n s  may p r o v i d e  a l i m i t a t i o n  
t o  t h e  a p p l i c a t i o n  o f  t h i s  t y p e  o f  i n s e r t .  I t  i s  p o s s i b l e  t h a t  o t h e r  ox ides,  
such as t h o r i a  which mel ts  a t  o v e r  59OO0F, can be adopted t o  t h i s  r e i n f o r c i n g  
scheme t o  p r o v i d e  an extended range o f  a p p l i c a t i o n  f o r  t h i s  t y p e  o f  r e i n f o r c e d  
o x i  de t h r o a t  i n s e r t .  
A t  p resent ,  t h e  upper l i m i t  o f  use fu lness  f o r  z i r c o n i a  s t i l l  
must be determined. Again,  t h e r e  i s  an approach underway w i t h i n  TRW which 
w i l l  h e l p  do t h i s .  A nozz le  i n s e r t  of  the  Type C m a t e r i a l  i s  c u r r e n t l y  b e i n g  
f a b r i c a t e d  f o r  e v a l u a t i o n  by TRW Systems on an A i r  Force Program. (Cont rac t  
F04611-68-C+0054) which w i l l  i n v o l v e  t h e  same p r o p e l l a n t  system s t u d i e d  i n  
t h i s  program except  a t  an increase i n  chamber pressure from 100 p s i a  t o  
300 ps ia .  The r e s u l t s  o f  t h i s  t e s t  f i r i n g  w i l l  h e l p  g i v e  a more d e f i n i t e  
e v a l u a t i o n  concern ing t h e  promise o f  r e i n f o r c e d  z i r c o n i a  t h r o a t  i n s e r t s  f o r  
these upgraded r o c k e t  engine a p p l i c a t i o n s .  
As a final comment or: this program, it is evident that an 
throat inserts in rocket engines. A continued effort must now be carried 
effective basis has been formed for the application of reinforced oxide 
out to make this technology known to those involved in rocket engine 
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